40E 80E 120E 160E 1EIJW 120W 80W 40W 0O

40E BOE 120E 160E 160W 120W 80W 40W 0

(@) Yearly mean sea surface temperature anomalies (SSTA) in 2009 and (b) SSTA
differences between 2009 and 2008. Anomalies are defined as departures from
the 1971-2000 climatology. Refer to Chapter 3, Figure 3.1 for a more detailed
description.
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ABSTRACT—N. 0. BARINGER, D. S. ARNDT, AND M. R. JOHNSON

The year was characterized by a transition from a
waning La Nifia to a strengthening El Nifo, which first
developed in June. By December, SSTs were more than
2.0°C above average over large parts of the central and
eastern equatorial Pacific. Eastward surface current
anomalies, associated with the El Nifo, were strong
across the equatorial Pacific, reaching values similar
to the 2002 El Nifo during November and December
2009. The transition from La Nifa to El Nifio strongly
influenced anomalies in many climate conditions, ranging
from reduced Atlantic basin hurricane activity to large
scale surface and tropospheric warmth.

Global average surface and lower-troposphere tem-
peratures during the last three decades have been pro-
gressively warmer than all earlier decades, and the 2000s
(2000—09) was the warmest decade in the instrumental
record. This warming has been particularly apparent in
the mid- and high-latitude regions of the Northern Hemi-
sphere and includes decadal records in New Zealand, Aus-
tralia, Canada, Europe, and the Arctic. The stratosphere
continued a long cooling trend, except in the Arctic.

Atmospheric greenhouse gas concentrations contin-
ued to rise, with CO, increasing at a rate above the 1978
to 2008 average. The global ocean CO, uptake flux for
2008, the most recent year for which analyzed data are
available, is estimated to have been 1.23 Pg C yr™!, which
is 0.25 Pg C yr'!' smaller than the long-term average and
the lowest estimated ocean uptake in the last 27 years.
At the same time, the total global ocean inventory of
anthropogenic carbon stored in the ocean interior as of
2008 suggests an uptake and storage of anthropogenic
CO, atrates of 2.0and 2.3 +0.6 Pg C yr™! for the decades
of the 1990s and 2000s, respectively. Total-column ozone
concentrations are still well below pre-1980 levels but
have seen a recent reduction in the rate of decline while
upper-stratospheric ozone showed continued signs of
ongoing slow recovery in 2009. Ozone-depleting gas con-
centrations continued to decline although some halogens
such as hydrochlorofluorocarbons are increasing globally.
The 2009 Antarctic ozone hole was comparable in size to
recent previous ozone holes, while still much larger than
those observed before 1990. Due to large interannual
variability, it is unclear yet whether the ozone hole has
begun a slow recovery process.

Global integrals of upper-ocean heat content for the
last several years have reached values consistently higher
than for all prior times in the record, demonstrating the
dominant role of the oceans in the planet’s energy budget.
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Aside from the El Nifio development in the tropical Pacific
and warming in the tropical Indian Ocean, the Pacific
Decadal Oscillation (PDO) transitioned to a positive phase
during the fall/winter 2009. Ocean heat fluxes contributed
to SST anomalies in some regions (e.g., in the North
Atlantic and tropical Indian Oceans) while dampening
existing SST anomalies in other regions (e.g., the tropical
and extratropical Pacific). The downward trend in global
chlorophyll observed since 1999 continued through 2009,
with current chlorophyll stocks in the central stratified
oceans now approaching record lows since 1997.

Extreme warmth was experienced across large areas
of South America, southern Asia, Australia, and New
Zealand. Australia had its second warmest year on record.
India experienced its warmest year on record; Alaska had
its second warmest July on record, behind 2004; and New
Zealand had its warmest August since records began |55
years ago. Severe cold snaps were reported in the UK,
China, and the Russian Federation. Drought affected large
parts of southern North America, the Caribbean, South
America, and Asia. China suffered its worst drought in
five decades. India had a record dry June associated with
the reduced monsoon. Heavy rainfall and floods impacted
Canada, the United States, the Amazonia and southern
South America, many countries along the east and west
coasts of Africa, and the UK. The U.S. experienced its
wettest October in |15 years and Turkey received its
heaviest rainfall over a 48-hr period in 80 years.

Sea level variations during 2009 were strongly affected
by the transition from La Nina to El Nifio conditions,
especially in the tropical Indo-Pacific. Globally, variations
about the long-term trend also appear to have been in-
fluenced by ENSO, with a slight reduction in global mean
sea level during the 2007/08 La Nina event and a return
to the long-term trend, and perhaps slightly higher values,
during the latter part of 2009 and the current El Nifo
event. Unusually low Florida Current transports were
observed in May and June and were linked to high sea level
and coastal flooding along the east coast of the United
States in the summer. Sea level significantly decreased
along the Siberian coast through a combination of wind,
ocean circulation, and steric effects. Cloud and moisture
increased in the tropical Pacific. The surface of the west-
ern equatorial Pacific freshened considerably from 2008
to 2009, at least partially owing to anomalous eastward
advection of fresh surface water along the equator during
this latest El Nifio. Outside the more variable tropics, the
surface salinity anomalies associated with evaporation and
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I. INTRODUCTION—M. 0. Baringer and D. §. Arndt

The primary goal of the annual State of the Climate
collection of articles is to document the weather and
climate events in 2009 from around the world and
put them into accurate historical perspective, with a
particular focus on unusual or anomalous events. The
year also marks the end of the first decade of the 21st
century, so whenever possible the climate anomalies
over this decade are highlighted.

This year the State of the Climate report brings
together more than 300 authors from every continent
and from over 160 different research groups to col-
laborate, share data and insights, and describe the
observed changes in climate from different perspec-
tives. The 2009 El Niflo and the global consequences
described herein highlight the global scope of connec-
tions between weather, climate, and, one could argue,
climate scientists. In keeping with the increasingly
global perspective of this report, the authors and edi-
tors seek to provide an inclusive synthesis of diverse
weather and climate data to describe what took place
across our planet last year. For example, recognizing
the importance of providing error statistics, differing
analysis products and datasets are included where
possible (e.g., see sidebar on ocean heat content analy-
ses in Chapter 3). We expect this trend to continue
in future reports. Notably, the document’s editors
represented three disciplinary backgrounds (meteo-
rology, oceanography, and biology). This composition
reflects the increasing recognition that the natural
world is embedded within, impacted by, and exerts
influence on the physical climate system. We expect
these connections to be explored in future issues of
State of the Climate.

As a guiding principle behind the inclusion of
certain climatic events into this report, the Global
Climate Observing System has identified Essential
Climate Variables (ECVs, see GCOS 2003) (see ap-
pendix for a full list of abbreviations) necessary to
support the United Nations Framework Convention
on Climate Change and the Intergovernmental Panel
on Climate Change. These variables are defined as
those required for international exchange and should
be economically and technically feasible to acquire
(Table 1.1). The State of the Climate report has evolved
to include an increasing number of these climatically
important variables as data availability increases and
the analysis techniques and attributions improve. The
degree to which each of these ECVs can be assessed
and reported depends largely on the level of data
availability both currently and as a homogeneous
historical record and, hence, can be divided into cat-
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egories: (1) being monitored, (2) partially monitored,
and (3) not yet monitored. To be listed as monitored,
the ECV not only must be observed across much of
the world, but also needs a moderately long-term
dataset with accompanying analysis. Also the dataset
needs to be updated in near-real time and have a peer-
reviewed article documenting the reliability of all of
these steps. This year land cover/use is not reported
because the data are only updated every five years and
last year’s report covers the most recent data available.
Lake levels, biomass, and fire disturbance ECVs were
included—at least partially-monitored—for the first
time this year (see Chapter 2). Other variables impor-
tant for research purposes are not included as ECVs,
however the GCOS list of ECVs as well as the variables
presented in this report are continually reassessed as
improved observing technologies emerge. Continual
advancement of the number of ECVs reported herein
will not be possible without increasing international
efforts to make the observations of the underlying
variables and provide access to these data.

A brief overview of the findings in this report
is presented in the Abstract and shown in Fig. 1.1.
The remainder of the report is organized starting
with global scale climate variables in Chapter 2, into
increasingly divided geographic regions described in
chapters 3 through 7. Chapter 3 highlights the global
ocean and Chapter 4 includes tropical climate phe-
nomena such as El Nifio and hurricanes. The Arctic
and Antarctic respond differently through time and
hence are reported in separate chapters. For a regional
perspective authored largely by local government
climate specialists, see Chapter 7. Seasonal patterns
are encapsulated in Chapter 8.
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TasLE .1 The GCOS Essential Climate Variables (ECVs, see GCOS 2003) and their
monitoring status, as reported in this and recent editions of the State of the Climate,
are listed with the following color coding: Green indicates this ECV is being moni-
tored on a global or near-global scale and that this report includes a section describ-
ing its changes over time; Yellow indicates the ECV is explicitly discussed in this
year’s State of the Climate, but the data are not updated globally through the year or
a dataset has not yet been adequately documented in the peer-reviewed literature
to prove it is an accurate indication of how this ECV has changed over time; Red in-
dicates more work needs to be done in order to monitor this ECV. The missing ECVs
in 2007 reflect the evolution and expansion of the GCOS list.

Essential Climate Variable

Atmospheric Surface

Air temperature

Precipitation

Air pressure

Surface radiation budget

Wind speed and direction

Water vapor

Atmospheric Upper-Air

Earth radiation budget (including solar irradiance)

Upper-air temperature (including MSU radiances)

Wind speed and direction

Water vapor

Cloud properties

Atmospheric Composition

Carbon dioxide

Methane

Ozone

[Other long-lived greenhouse gases]:

Nitrous oxide

Chlorofluorocarbons

Hydrochlorofluorocarbons

Hydrofluorocarbons

Sulphur hexaflurorides

Perfluorocarbons

Aerosol properties.

Ocean Surface

Sea surface temperature

Sea surface salinity

Sea level

Sea state

Sea ice

Current

Ocean color (for biological activity)

Carbon dioxide partial pressure
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Essential Climate Variable 2008 2009

Temperature

Salinity

Current

Nutrients
Carbon

Ocean tracers

Phytoplankton

Terrestrial

Soil moisture and wetness

Surface ground temperature

Subsurface temperature and moisture

Snow and ice cover

Permafrost

Glaciers and ice sheets

River discharge

Water use

Ground water

Lake levels
Albedo

Land cover (including vegetation type)'

Fraction of absorbed photosynthetically active radiation (FAPAR)
Leaf area index (LAI)

Biomass

Fire disturbance

!'The land cover data set used in the State of the Climate in 2008 (Di Gregorio and Jansen 2000) is updated once per five years.
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2. GLOBAL CLIMATE—K. M. Willett, L. V. Alexander,
and P. W. Thorne, Eds.
a. Summary—L. V. Alexander
In 2009, a transition from La Nina to El Niflo
dominated anomalies in many climate variables
from the surface to the lower stratosphere. Averaged
over the year, there was large-scale surface and tro-
pospheric warmth and stratospheric coolness, except
in the Arctic where positive annual anomalies were
dominated by the largest stratospheric warming in
January in the 50-year record (Plate 2.1). The ENSO
transition, which occurred during the boreal sum-
mer, contributed to 2009 being ranked in the top 10
warmest years globally, about 0.1°C warmer than
2008. Global average surface temperatures during
the last three decades have been progressively warmer
than all earlier decades, making 2000-09 (the 2000s)
the warmest decade in the instrumental record. The
2000s were also the warmest decade on record in the
lower troposphere, being about 0.6°C warmer than
the 1960s and 0.2°C warmer than the 1990s. The
decadal warming has been particularly apparent in
the mid- and high-latitude regions of the Northern
Hemisphere. This chapter also includes a sidebar
on the veracity of and supporting evidence for the
surface temperature records following much recent
discussion in the popular media. Globally averaged
surface temperature anomalies are shown to be robust
given the close agreement between independently-
derived datasets and strong corroborative evidence
across a wide range of other climate variables.
Cloud and moisture increased in the tropical
Pacific although there was no distinctive ENSO
signature in annual surface pressure, owing to the
cancelling effect of the shift from La Nifa to El Nifo.
Preliminary data indicate a high probability that 2009
will be the 19th consecutive year that glaciers have
lost mass. Precipitation anomalies were variable but
most marked was a drying over the tropical Atlantic
coincident with the position of ITCZ. Greenhouse gas
concentrations continued to rise in 2009, with CO,
increasing at a rate above the 1978 to 2008 average.
Ozone-depleting gas concentrations continued to
decline although some halogens such as hydrochloro-
fluorocarbons are increasing globally. Total-column
ozone concentrations are still well below pre-1980
levels but have seen a recent reduction in the rate of
decline, while upper stratospheric ozone has shown
continued signs of ongoing slow recovery in 2009.
This year’s global chapter incorporates additional
climate variables over previous years. There is not a
section on land cover because there are limited annual

STATE OF THE CLIMATE IN 2009

updates to this variable. Land cover will be included
in future summaries as updates become available.
Advances and improvements in technology have
enhanced our ability to monitor the Earth’s climate
using methods such as Global Positioning System
Radio Occultation (see sidebar), which can be used
to measure multiple meteorological parameters.
Also included this year are lake levels (a proxy for
precipitation changes over a catchment basin) and
biomass burning (a proxy for land cover change and
fire disturbance). In addition, for the first time, data
from a reanalysis product have been included. This
was possible through substantial recent improvements
in reanalysis products. There is exciting potential to
use analyses from these observing systems and com-
bined products to enhance future global summaries.

Publicly available datasets used in this chapter are
included in Table 2.1

b. Temperatures

1) INTRODUCTION OF REANALYSIS DATA—P. W. Thorne

This year for the first time there are fields from
a reanalysis product within the global chapter. Re-
analyses consist of modern day data assimilation
schemes fed with all available historical observations.
They produce spatially complete fields of a whole
suite of meteorological parameters—both measured
parameters and derived parameters such as potential
vorticity. Papers documenting reanalyses are some of
the most highly cited (e.g., Kalnay et al. 1996; Uppala
etal. 2005), attesting to the high utility of reanalyses
for a myriad of applications. They have not been
included in the global chapter of State of the Climate
to date because of well documented concerns about
the ability of early reanalysis products to characterize
long-term trends. The third generation of reanalysis
products include substantial improvements as each
successive effort has learned from previous efforts
and taken advantage of developments in the sphere of
weather forecasting. The ability of these much newer
reanalysis products to characterize long-term changes
in at least a subset of meteorological parameters has
now been documented (e.g., Simmons et al. 2010). As a
first step towards their more comprehensive inclusion
in future State of the Climate reports this year there
are results from the European Centre for Medium
Range Forecasts (ECMWF) ERA-40 and ERA-interim
reanalyses (Simmons et al. 2010) incorporated into
the three temperature sections. It is hoped that in
future years these can be augmented by other third
generation reanalysis products from NASA (MERRA,
Bosilovich 2008), JRA-55 from the Japan Meteorologi-
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PLATE 2.1. Global annual anomaly maps for those variables for which it is possible to create a meaningful 2009
anomaly estimate. Climatologies differ among variables, but spatial patterns should largely dominate over
choices of climatology period. Dataset sources/names are as follows: lower stratospheric temperature (RSS
MSU); lower tropospheric temperature (ERA-interim); surface temperature (NOAA/NCDC); cloudiness
(PATMOS-x); total column water vapor (SSM/I over ocean, ground based GPS over land); precipitation [RSS
over ocean, GHCN (gridded) over land]; river discharge (authors); mean sea level pressure (HadSLP2r); wind
speed (AMSR-E); ozone (GOME?2); FAPAR (SeaWIFS); biomass burning (GEMS/MACC). See relevant section

text and figures for more details.
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TasLE 2.1. Sources of those datasets used in this chapter that are publicly available for bona fide re-

search purposes.

Source

Datasets

Section

http://www.metoffice.gov.uk/hadobs

HadCRUT3, HadAT?2,
HadCRUH, HadSLP2r

2b.2; 2b.3; 2b.4; sidebar I;
2d.1

http://data.giss.nasa.gov/gistemp

GISS surface temperature
record

2b.2; sidebarl

http://www.ncdc.noaa.gov/cmb-fag/anomalies.html

NOAA/NCDC surface
temperature record

2b.2; sidebarl

http://www.ecmwf.int/research/era/do/get/index

ERA reanalysis products

2b (all sections)

http://www.remss.com

Remote Sensing Systems
products MSU, SSM/I, TMI,
AMSR-E

2b.3; 2b.4; 2c.1; 2c.2; 2d.2;
sidebarl

http://vortex.nsstc.uah.edu/public/msu/

UAH MSU records

2b.3; 2b.4; sidebarl

http://www.ncdc.noaa.gov/oa/climate/ratpac

RATPAC

2b.3; 2b.4; sidebarl

http://www.univie.ac.at/theoret-met/research

RAOBCORE |.4, RICH

2b.3; 2b.4; sidebarl

http://www.ccrc.unsw.edu.au/staff/profiles/sherwood/rad-

projfindex.html IUK 2b.4; sidebarl
htt!)://www.star.nesdis.noaa.gov/smcd/emb/mscat/mscat- STAR 2b.4; sidebarl
main.htm

By email to Junhong Wang GPS-PW 2c.1
http://cosmic-io.cosmic.ucar.edu/cdaac/index.html COSMIC 2c.l; sidebar2
http://www.ncdc.noaa.gov/oa/climate/ghcn-monthly/index. GHCN data (T, precipita- 2b.2: 2¢.2
php tion) e
http://precip.gsfc.nasa.gov GPCP precipitation 2c.2
http://www.cpc.noaa.gov/products/global_precip/html/ CMAP precipitation 22
wpage.cmap.html

http://www.esrl.noaa.gov/psd/data/gridded/data.gpcc.html GPCC precipitation 2c.2
http://climate.rutgers.edu/snowcover Snowcover extent 2c.3
http://www.atmos.washington.edu/~ignatius/CloudMap SOBS clouds 2c4
http://isccp.giss.nasa.gov ISCCP D2 clouds 2c4
http://cimss.ssec.wisc.edu/patmosx PATMOS-x 2c4
http://ladsweb.nascom.nasa.gov MODIS 2c4
thp://eosweb.Iarc.nasa.gov/PRODOCS/misr/IeveI3/over- MISR 24
view.html

http://grdc.bafg.de Global Runoff Data Centre | 2c.5

http://www.gtn-h.net

Global Terriestrial
Network for Hydrology
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Source Datasets Section
http://www.pecad.fas.usda.gov/cropexplorer/global_reser-

voir/index.cfm

http://tethys.eaprs.cse.dmu.ac.uk/RiverLake/shared/main Lake level products 2c.6
http://www.legos.obs-mip.fr/soa/hydrologie/hydroweb/
http://gcmd.nasa.gov/records/GCMD_GLWD.html
http://www.bom.gov.au/climate/current/soi2.shtml BoM SOI 2d.1
http://www.cpc.noaa.gov/products/precip/ CWlink/daily_ AO index 2d.1
ao_index/ao_index.html :
http://manati.orbit.nesdis.noaa.gov/quikscat/ QuikScat 2d.2
http://science.larc.nasa.gov/ceres/ CERES data 2e
http://www.esrl.noaa.gov/gmd/ccgg/trends/ CO, 2f.li
http://www.cmdl.noaa.gov/odgi/ ODGlI 2f i
http://www.esrl.noaa.gov/gmd/aggi/ AGGI 2f liii
http://www.esrl.noaa.gov/igmd/hats/insitu/cats/cats_conc.html | Trace gas measures 2f.liv
http://www.gmes-atmosphere.eu/ MACC/GEMS 2f.2; 2g.3
http://www.ndacc.org/data/data_tbl

http://acdb-ext.gsfc.nasa.gov/Data_services/merged/

http://eosweb.larc.nasa.gov

http://haloe.gats-inc.com St e =
http://eopi.esa.int/registration

http://www.iup.uni-bremen.de/scia-arc/

http://www.woudc.org/data_e.html

http://acdb-ext.gsfc.nasa.gov/Data_services/merged/ Total ozone 2f.3
http://www.iup.uni-bremen.de/gome/wfdoas/wfdoas.html

http://www.geo.unizh.ch/wgms/ WGMS 2g.1
http://fapar.jrc.ec.europa.eu/ FAPAR 2g.2

STATE OF THE CLIMATE IN 2009

JuLy 2010 BAMS | $23



cal Agency, and NCEP (CFFSR, Saha et
al. 2010) and others as they complete and
that these reanalyses can be incorporated
for additional variables where deemed ap-
propriate by the section authors.

2) GLOBAL SURFACE TEMPERATURES—NM. |.
Menne and J. J. Kennedy

Global surface temperatures in 2009
saw a return to near-record levels as the
cooling in the tropical Pacific associated
with the 2007/08 La Nifia event gave way
to strengthening El Niflo conditions in
2009 (Fig. 2.1). This led to large areas of
the tropics experiencing higher-than-
average temperatures towards the end of
the year. According to the three major sur-
face temperature datasets (Fig. 2.2, NASA/
GISS, Hansen et al. 2001; HadCRUTS3,
Brohan et al. 2006; and NOAA/NCDC;
Smith and Reynolds 2005, Smith et al.
2008) 2009 averaged about 0.1°C warmer
than 2008, which was the coolest year
since 2000. Anomalies from the 1961-90
average for 2009 were 0.50°C, 0.44°C, and

\-] ——  NCDC/AGISS/HBICRUT Medn  ERA4D [-MEAN)
& o8 g wncoc ueaN) T i
¥ wi —— & HadCRUTA (SMEAN) - |
™ —— 7 NASA OISS |MEAN) i
gnz— ——— [ ERAi o) to MacCRUT) (-MEAN) 4L ¥
§ e all vk 1M1 . -
g il
§ 02 1k b .
g-u.i- 1 FHiE .
a8 4L -
1860 ¥ 1800 1510 1 1 1“.1 1 T 1 1 E E g g E E

Fic. 2.2. Global surface temperature anomalies with respect to
the 1961 to 1990 average: (bottom) mean of the NASA/GISS,
HadCRUT3 and NOAA/NCDC analyses; (top) difference between
NASA/GISS, HadCRUT3, NOAA/NCDC, ERA-interim, ERA-40
and the mean. Decadally averaged anomalies are shown on the
right-hand side where 66% of months are present along with the
multi-dataset mean. ERA-interim anomalies are with respect to a
1989-2008 climatology and so have been adjusted by the difference
between the ERA-interim and HadCRUT3 mean over the 1989-
1998 period for consistency. Documented issues exist with ERA-40
pre-1979, especially in the Southern Hemisphere and Antarctic
(e.g., Simmons et al. 2004). ECMWEF always tell users to use caution
when mixing pre-1979 data from ERA-40 into a climate analysis.

Nevertheless, the three reconstructions are in close

latitude

- 4
i i
sl i
s W 1

0.46°C, respectively, and 0.37°C, 0.31°C, and 0.38°C
for 2008. Analyses are based on air temperature
data over land and SSTs derived from ship and buoy
reports with independently derived adjustments to
account for changes in observing-system bias.

The three institutions use different reconstruc-
tion and interpolation techniques (Table 2.2), hence
the analyses differ in some details, especially in data
sparse regions and in the specifics of yearly rankings.

agreement regarding the low-frequency variations in
the surface temperature signal as indicated in Fig. 2.2.
Higher values in the NASA/GISS analysis in recent
years may be a consequence of the Hansen et al. (2001)
approach to interpolating and averaging temperature
anomalies across the data sparse high Arctic where
positive anomalies have been particularly large
during the last few years. The tendency for much

above-average temperatures in

the high-latitude regions of the
Northern Hemisphere continued
in 2009 (Plate 2.1). Above average
temperatures were also prevalent
across much of Europe and Asia,
Mexico, Africa, and Australia
whereas cooler-than-average

.;% conditions occurred across the
g'ﬁ southern oceans, central Siberia,
1i5  andtheregion spanning southern

Canada and the north central

1850 1850 1670 1580 1890 1900 1810 1920 1930 1940 1950 1960 1570 1060 1000 2000
Year

using a 121 filter.
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Fic. 2.1. HadCRUT3 monthly average temperature anomalies by latitude
for the period 1850 to 2009. Decadally averaged anomalies are shown on
the right-hand side where 66% of months are present. Grey areas indicate
missing data. HadCRUT3 data have been smoothed in space and time

contiguous United States.
Unusual warmth was wide-
spread throughout the year.
Southern Asia and north Africa
were exceptionally warm in all
seasons, in contrast the northern
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significant record, culminating in the 2000s, which
was the warmest decade of all.

3) LOWER TROPOSPHERIC TEMPERATURES—]. Christy, M.
Free, C. Mears, and L. Haimberger

The 2009 global average temperature of the lower
tropospheric layer (TLT, surface to ~8 km, see Fig.
2.2 in Karl et al. 2006) was approximately +0.3°C
above the 1979-98 average. The first half of the year
was near the decade’s average but the troposphere
subsequently warmed quickly in response to the
developing warm phase of ENSO (Fig. 2.4). When
the tropical Pacific ocean experiences these large
temperature anomalies, the atmosphere above re-
sponds with similar temperature changes which, for
the global average, lag the surface fluctuations by two
to four months (Christy and McNider 1994). In the 31
(satellite) and 52 (radiosonde) years of records, 2009
ranked as the sixth or seventh warmest (depending
upon the choice of dataset) in the lower troposphere,

06 -04 02 00 0.2 0.4

Temperalture difference from 1961-1920 (°C)

Crown Copyright 2010. Sourca: Mat Offica
FiG. 2.3. 95% confidence range of decadal average tem-
peratures for the HadCRUT3 temperature analysis
(see Brohan et al. 2006 for the error model derivation).

being around 0.2°C to 0.3°C cooler than the warm-
est (El Nifio) year of 1998. Areas in the Northern
Hemisphere midlatitudes, including central North
America, north Atlantic, northern Asia, along with
the Antarctic Peninsula were below the base-period
average. North polar regions, south Asia, Atlantic-
Indian ocean basin, and much of the tropics were on

0.6

U.S. and Canada were cooler than average for much
of the year. In mid-December 2009 the Arctic Oscilla-

average warmer than the mean (Plate 2.1).

tion index turned strongly negative setting a
pattern of colder-than-average temperatures
over northern Eurasia and the U.S., coupled
with warmer-than-average temperatures
over the polar regions, southern Eurasia,
and Canada that persisted throughout the
winter. Nevertheless, December 2009 (and
the rest of the winter season) was well above
average in the North Hemisphere despite
headlines about the unusual cold and snowy
winter.

The uncertainties in deriving the global
mean surface temperature imply that 2009 is
statistically indistinguishable from the other
high-ranking years shown in Fig. 2.2. Year
to year variability is dominated by natural
variability such as ENSO, but the effects of
external climate forcings are expected to
manifest themselves at decadal and longer
time scales (Alley et al. 2007). Each of the
last three decades was warmer than all
earlier decades in the instrumental record
(Fig. 2.3) and each set a new and statistically
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Fic. 2.4. As for Fig. 2.2 for global mean lower tropospheric
temperature (1958-2009) from multiple datasets including four
radiosonde datasets [HadAT2 (Thorne et al. 2005), RATPAC
(Free et al. 2005), RAOBCORE and RICH (both Haimberger
et al. 2008)], two satellite MSU datasets [UAH (Christy et al.
2003), RSS (Mears and Wentz 2009a)], and ERA-interim and
ERA-40 Reanalyses (Simmons et al. 2010). Continuing research
has documented procedures to account for inhomogeneities in
these systems in order to provide the most confident estimates
of the temperature values through time.

JuLy 2010 BAMS | $25



HOW DO WE KNOW THE WORLD HAS WARMED?—|. |. Kennedy, P. W.

Thorne, T. C. Peterson, R. A. Ruedy, P. A. Stott, D. E. Parker, S. A. Good, H. A. Titchner, and K. M. Willett

Although the IPCC AR4

concluded that “warming o ix
. T 05F G
of the climate system is F 1<
: » q E & 00
unequivocal,” public debate & oof | | - ]
5 i\ 1s-
over the evidence for global osE M MY | 1<
o5k Ny | =
warming continues. How- . y ]
ever, it is often confined _ 24 E Ses-surface Temperaiure: 6 Datasets E .
O aak F B
to a small set of reiterated — “*F 92
. % 00fF =
disputes about Land Surface 15
5
Air Temperature (LSAT) 5 <

records, diverting attention
from the broader evidence

basis. O 3 g
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mates of global surface R .-; . {
temperature trends— H‘.||:|:-5EIE P + 4 : it
HadCRUT3 (Brohan etal. = 50f Bl
2006), NOAA (Smith et - °F OV ;
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largely independent (Table
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three estimates indicates E 2:_, . 1% a8 “rx.‘. "
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spheric temperature trends
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tion 2b2) from satellites
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Fic. 2.5. Time series from a range of indicators that would be expected to correlate
strongly with the surface record. Note that stratospheric cooling is an expected con-
sequence of greenhouse gas increases. A version of this figure with full references is
available at www.ncdc.noaa.gov/bams-state-of-the-climate/.

differ by an order of mag-
nitude more than do esti-
mated surface temperature

trends (Thorne et al. 2010,
manuscript submitted to Wiley Interdisciplinary Reviews: Climate
Change).

Numerous studies attest to the robustness of the global
LSAT records and their nonreliance on individual stations (e.g.,
Jones et al. 1997; Peterson et al. 1999; Parker 2006; Parker et
al. 2009; Menne et al. 2010). Evidence from recent reanalyses
lends further support (Simmons et al. 2010).

The IPCC conclusion (Alley et al. 2007) that “warming of
the climate system is unequivocal” does not rest solely upon
LSAT records. These constitute only one line of evidence
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among many, for example: uptake of heat by the oceans, melt-
ing of land ice such as glaciers, the associated rise in sea level,
and increased atmospheric surface humidity (Fig. 2.5). If the
land surface records were systematically flawed and the globe
had not really warmed, then it would be almost impossible to
explain the concurrent changes in this wide range of indicators
produced by many independent groups. The observed changes
in a broad range of indicators provide a self-consistent story
of a warming world.



TasLE 2.2. Comparison between the HadCRUT, NOAA and NASA/GISS global surface temperature analyses.

HadCRUT

Land Surface Air Temperature

Number of station

c. 4500

4,400

c. 6300

Sources of station
data

The CRU archive containing:

GHCN (over 30 sources of data, most are not
regularly updated), Antarctic SCAR (Scientific
Committee on Antarctic Research) data,
various regional compilations,paper archives,
USHCN data. Regular updates primarily from-
CLIMAT messages.

GHCN. Regular updates are primarily
from USHCN data in the U.S. and
CLIMAT messages.

GHCN, USHCN v2 adjusted, Antarctic SCAR
(Scientific Committee on Antarctic Research)
data.

Quality control (QC)
procedures

Manual inspection; regional studies as pub-
lished

Automatic QC tests based on statistics and
physics (e.g., outlier tests, sequences of
identical values).

Unrealistic outliers and segments of station
series were eliminated after manual inspection.

Homogeneity adjust-
ments

Visual and near-neighbor comparisons. c.20%
of stations affected. Regional studies as
published.

Non-climatic step changes and trends identi-
fied using USHCN vI methods (US) and PEEP
(Peterson and Easterling, 1994; Easterling and
Peterson 1995) methods (remainder globe).
Data adjusted to remove those artificial
biases.

If there are multiple records at a given location,
these are combined into one record adjusting
according to the average difference during the
period of overlap.

Urbanization
effects

Sources of station
data

Some urban sites eliminated or adjusted by the
QC and homogeneity adjustments. Uncer-
tainty model includes a one-tailed urbanization
error

Ships, buoys from ICOADS (1850-1997) and
GTS (1998 on)

Addressed by the homogeneity adjustments
methodology.

Ships and buoys observations from ICOADS
with updates from GTS.

Non-rural stations (defined by night-lighting in
USA and by population data elsewhere) adjusted
to match neighboring rural stations. Urban sta-
tions without nearby rural stations are dropped.

HadISSTI: 1870-1981. Reynolds et al. 2002:
11/1981-present

Quality control

Automatic QC tests based on statistics and
physics (e.g. climatology-based outlier test,
check against near neighbors)

Climatology-based removal of outliers.

HadISSTI and Reynolds are interpolated analyses
with implicit QC so no GISS QC is applied.

Homogeneity adjust-
ments

Merging procedures

Physically based adjustments for changing
types of buckets used to sample water in early
20th Century.

Land and ocean grid boxes merged with a
weighting based on inverse error estimates for
land and ocean data.

Statistical adjustment for the transition
between buckets and engine intakes based on
a relationship between SSTs and night time
air temperature and global metadata for the
timing of the transition.

Spatial interpolation, merging and calculating of global average

Land and ocean grid boxes with data merged
with a weighting based on fraction of the grid
box having land versus ocean.

HadISSTI and Reynolds are interpolated pre-
adjusted analyses so no GISS specific homogene-
ity adjustment is applied.

After gridding, non-missing values are aver-
aged over the zones 90°S-23.6°S,23.6°S-0,0-
23.6°N,23.6°N-90°N; and the four means are
averaged with 3:2:2:3 weighting to represent
their area.

Accounting for data
void regions

No infilling performed. Incomplete sampling ac-
counted for in the uncertainty model.

Low frequency component filtered using very
large grid boxes. Anomaly spatial covari-
ance patterns guide interpolation of the high
frequency component. Data sampling criteria
limit how far interpolation can be made. Land
and ocean data interpolated separately. Areas
of sea ice are set to missing.

For each of 8000 equal area grid boxes, stations
within that box or within 1200 km of the box
centre are combined using the reference station
method.

Calculation of global
average

Average of gridbox area-weighted NH and SH
values. Avoids over-weighting better sampled
NH.

Area weighted analysis based on 5x5 degree
grid boxes.

After gridding, non-missing values are aver-
aged over the zones 90°S-23.6S, 23.6°S-0°,
0°-23.6°N, 23.6°N—-90°N; and the four means
are averaged with 3:2:2:3 weighting to represent
their area.

Notes

The uncertainty model also takes into account
incorrect/missing adjustments and temporal/
measurement sampling errors.

The above was based on GHCN version 3
which is scheduled to be released in the spring
of 2010.

Info from Hansen et al. 1999, 2001; and
http://data.giss.nasa.gov/gistemp/

Code to calculate GISSTEMP is available from
http://data.giss.nasa.gov/gistemp/sources/.
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ECMWEF Reanalyses (ERA-40 and
ERA-interim) show that the warmest
anomalies of 2000-09 were in the mid-
and especially high-latitudes of the
Northern Hemisphere. Similar regions
in the Southern Hemisphere were not
significantly different from the late
20th century (Fig. 2.6 - N.B. Choice of
dataset is immaterial to the depiction of
the main features as they are shown in
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FiGc. 2.6. As for Fig. 2.1 but for lower tropospheric temperature
from the combined ERA-40 (1957 to 1988) and ERA-Interim (1989
to 2009) Reanalyses relative to the 1989 to 1998 base period.

FiG. 2.7. As Fig. 2.2 but all time series are for the layer sampled
by MSU channel 4 lower stratospheric temperature, spanning
10-25 km in altitude, with a peak near 18 km. References are
the same as Figure 2.4 except for RSS (Mears and Wentz,
2009b) and the additional IUK radiosonde dataset (Sherwood

The calendar decade of 2000-09 was the warmest
of the last five decades. “Cool” La Nifna conditions,
persistent from late 1999, were evident as the decade
began and reappeared in 2008. “Warm” El Nifio
conditions in 2003, 2005, briefly in 2007, and in the
second half of 2009 were of modest magnitude com-
pared with the significant event of 1997/98. Decades
1960-69 and 1970-79, were cooler than 2000-09 by
about 0.6°C, with 1980-89 cooler by about 0.35°C and
1990-99 cooler by 0.2°C. The overall trend for both
radiosondes (since 1958) and satellites (since 1979) is
approximately +0.15°C per decade. Empirically the
52-year time series (Fig. 2.4) may equally plausibly
be divided into three periods of relative temperature
stability with transitions to warmer temperatures in
1977 (about +0.35°C) and 1998 (about +0.32°C) (e.g.,
Seidel and Lanzante 2004).

g all datasets). The Reanalyses reproduce
& the El Nifio (warm, e.g., 1982-3, 1997-8)
and La Nifa (cool, e.g., 1989, 2008-9)
events throughout the record. One to
two year cooling periods follow volcanic
eruptions in 1963 (Agung), 1982 (El
Chichon) and 1991 (Mt. Pinatubo). Note the general
trend toward warmer temperatures in the northern
extratropics and tropics over the entire time period.

4) STRATOSPHERIC TEMPERATURES—M. Free and W. Randel
The 2009 annual average temperature of the global
lower stratosphere was similar to that of the previous
15 years (Fig. 2.7), ranking 7th to 10th coolest since
1979 according to the dataset. Globally-averaged, the
recent temperatures were approximately 1.5°C cooler
than estimates from the late 1950s—early 1960s, when
the first systematic radiosonde measurements of the
lower stratosphere began. The overall cooling trend
is punctuated by transient warming from three large
volcanic eruptions (section 2b3), and the time series
of cooling appears as step changes after these volca-
nic events (Seidel and Lanzante 2004; Ramaswamy
et al. 2006). The volcanic warming events are
mainly evident in low latitudes (Fig. 2.8).
The overall behavior of lower stratospheric
temperature (TLS) shows reasonable agree-
ment between radiosonde and satellite datasets

for the post-1978 satellite period, although
there are differences in detail between in-
dependent analyses of the radiosonde and
satellite data (with the satellite data showing
slightly less cooling than radiosondes). For

the presatellite era (1958-78), there is larger
disagreement and more uncertainty in trends
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et al. 2008) and STAR MSU record (Zou et al. 2009).
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among the different radiosonde-based data-
sets. For the overall record 1958-2009, the
global trend from the average of the datasets
is -0.33 £ 0.07°C per decade. For 1979-2009,
trends range from -0.57 to -0.30°C per de-
cade; the mean trend for all datasets shown is
-0.41°C per decade.



¢. Hydrological cycle
I) ToTAL cOLUMN WATER VAPOR—C. Mears, .
Wang, S. Ho, L. Zhang, and X. Zhou
Total column water vapor (TCWYV)
over the world’s oceans has been moni-
tored since the first Special Sensor Mi-
crowave/Imager (SSM/I) satellite in late
1987 (Wentz 1997). In this section, we use
data from the SSM/I and the Advanced
Microwave Scanning Radiometer Earth
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Fic. 2.8. As Fig. 2.1 but for the lower stratospheric channel

estimate from RSS.

Evolution of lower stratospheric temperatures
from satellite measurements (Fig. 2.8) highlights rela-
tively constant temperatures since ~1995, modulated
by the Quasi-Biennial Oscillation (QBO) in the trop-
ics, plus large interannual variability in high-latitudes
(during the respective winter-spring seasons). The
QBO shifted from westerly to easterly winds in 2009,
resulting in cold tropical lower stratosphere tempera-
ture anomalies in the second half of the year. The
Arctic stratosphere was strongly influenced by a large
stratospheric sudden warming in January 2009 (the
largest in the 50-year record), resulting in rapid tem-
perature increases of over 60°C in the polar middle
and upper stratosphere (Fig. 2.9); the remainder of
the Arctic winter (February-April) was relatively
cold without large dynamic variability. The Antarctic
polar vortex was relatively cold and undisturbed dur-
ing 2009, with an ozone hole similar to other recent
undisturbed years (Section 2f3).

TLS anomalies for 2009 (Plate 2.1) show large
Arctic warming related to the January 2009 sudden
stratospheric warming and a strong wave-1, or dipole
pattern, in the zonal band around 60°S related to Ant-
arctic changes in September-October. An increasing
trend in this Antarctic pattern was noted in recent
papers (Hu and Fu 2009; Lin et al. 2009).

As in previous years, changes in temperatures for
altitudes above the lower stratosphere are difficult to
characterize because of the relatively immature state
of continuous datasets derived from the Stratospheric
Sounding Unit (SSU), which ended in 2005, and the
Advanced Microwave Sounding Unit (AMSU), with
several different instruments operational since 1998.

STATE OF THE CLIMATE IN 2009

g

Observing System (AMSR-E) instruments.
Independent evaluations have found these
data to be accurate enough for climate
studies (Trenberth et al. 2005). Beginning
in the late 1990s, ground-based GPS measurements
provide a second accurate measurement of TCWV
(Wang et al. 2007). Since these stations are often land
based, they provide an important complement to the
ocean-only SSM/I measurements. Even more recently,
the Constellation Observing System for Meteorology,
Ionosphere and Climate (COSMIC, see sidebar) series
of satellites have begun using satellite-to-satellite ra-
dio occultation (RO) measurements to make globally
distributed measurements of water vapor profiles over
land and ocean. Here COSMIC TCWV is calculated
from corresponding water vapor profiles.

The map of TCWV anomalies (Plate 2.1) includes
data both from SSM/I (over the oceans) and from
a subset of the ground-based GPS stations with
continuous data from 1997 to 2009. This subset was
chosen so that a meaningful anomaly estimate can
be calculated—many more stations would be avail-
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Fic. 2.9. Time series of 10 hPa temperature (red) at
80°N from CPC GFS analysis, highlighting January
2009 stratospheric sudden warming. Dark shaded ar-
eas indicate the range of the 30th to 70th percentile,
light shade indicates the 10-90% range, and the light
black lines indicate the maximum and minimum tem-
peratures for the period since 1978.
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Fic. 2.10. Change in TCWY from 2008 to 2009. Panel
(a) shows measurements from AMSR-E and ground
based GPS stations, (b) from COSMIC.

able if this requirement were relaxed since the size of
the network is increasing rapidly with time. There is
general agreement between the SSM/I and ground-
based GPS measurements at locations where overlaps
occur with differences typically less than 0.5 mm. In
the latter half of the year, a large wet anomaly in the
tropical Pacific was associated with the onset of El
Nifo conditions. In contrast, most regions outside
the tropics were drier than normal.
Changes in TCWV from 2008
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Fic. 2.11. Anomaly time series of TCWYV both from
SSM/I, ground based GPS, and COSMIC. Except for
COSMIC, the reference period is 1997-2008. The
COSMIC ocean anomalies are calculated relative to
a SSM/I climatology for 1997-2008. The COSMIC
land anomalies are calculated only at the locations of
GPS ground stations, and are relative to a 1997-2008
ground-based GPS climatology. The timeseries have
been smoothed to remove variability on time scales
shorter than 6 months. A linear fit to the SSM/I data
is also shown indicating an increasing trend in water
vapor over the 1988-2009 period.

(Fig. 2.11). An exact match is not expected since the
two measurement systems sample different regions of
the globe. The COSMIC data show the sharp increase
from 2008 to 2009 seen in the other two datasets. The
SSM/I data show an increasing trend in TCW'V (0.27
mm per decade). In the tropics this increase has been
formally attributed to anthropogenic change over the
1988-2006 period (Santer et al. 2007). A Hoffmuel-
ler plot derived from SSM/I (Fig. 2.12) shows that
the increase is largest in the tropics and Northern
Hemisphere and relatively small in the Southern
Hemisphere.

to 2009 measured by three different ™
measurement systems show the dra-

matic moistening of the tropical Pacif- SN

ic as the climate system shifted from .. _
strong La Nifia conditions in 2008 to 4 | |
moderate El Nifo conditions by the E o< MW,
end of 2009 (Fig. 2.10). The COSMIC & |
measurements show this moistening ~ 305j=

extending across the Amazon basin, a r
region previously unobserved. s
SSM/I TCWYV, from the world’s

ice-free oceans, shows maxima in K
1987/88, 1997/98, 2002, 2006/07, and
2009 (/10), associated with ENSO
events, with GPS data, only available

since 1997, showing similar features
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FiG. 2.12. As for Fig. 2.1 but for TCWYV anomalies calculated using a
reference period of 1988-2007. The data (SSM/l and AMSR-E mea-
surements) have been smoothed in the time direction to remove
variability on time scales shorter than 4 months.
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Fic. 2.13. As for Fig. 2.2 but for annual global land surface pre-
cipitation anomalies (mm) over the period 1901-2009 from the
GHCN dataset relative to the 1961-1990 climatology (Vose et
al. 1992). Two different historical comparisons of global land-
based precipitation anomalies are also shown: beginning in 1901
using the difference between GPCC and GHCN, and begin-
ning in 1979 using the difference between GPCP and GHCN
(Schneider et al. 2008). All anomalies for the difference series
were determined with respect to the 1981-2000 climatology.

rain retrievals; which include retrievals
from a total of eight microwave imagers
into monthly-averaged maps at 2.5° x 2.5°
resolution. For 2009, this included retrievals
from TMI on TRMM, AMSR-E on Aqua,
and F13 SSM/I on DMSP until it stopped
functioning in late November 2009. There
is substantial disagreement among three
satellite-derived precipitation products over
the ocean: RSS (Hilburn and Wentz 2008),
Version 2.1 GPCP (Adler et al. 2003), and
CMAP (Xie and Arkin 1997), especially
during the first half of the time period (Fig.
2.14). RSS and GPCP trends for 1988-2008
were similar (19.5 + 7.7 mm year decade!
and 14.8 + 9.1 mm year! decade’, respec-
tively; Levinson et al. 2009), but there are
notable differences between the new version
of GPCP and that used last year. However,
in both versions there has been a relative

2) GroeAL PRECIPITATION—D. H. Levinson, K. A. Hilburn,

J. H. Lawrimore, and M. C. Kruk

Global land precipitation estimates are derived
from monthly totals of rain gauge measurements
extending back at least to the beginning of the 20th
century. In 2009 the positive anomaly continued

an extended period of above average global
precipitation covering the past five years (Fig.
2.13), and much of the period since 1996. Also
shown (top curves) is the difference between
global annual anomalies from three indepen-
dent datasets (Global Historical Climatol-
ogy Network [GHCN], Global Precipitation
Climatology Centre [GPCC], and Global
Precipitation Climatology Project [GPCP]).
Overall, each of these datasets depict similar
global anomalies on annual to interannual
time scales, but some obvious differences
occur on decadal timescales (e.g., during the
early 1980s). Whether it is a gauge only (i.e.,
GHCN, GPCC) or a satellite-gauge blended
product (i.e., GPCP), the gauge inventories
used and the inclusion criteria applied to
the analysis (i.e., percentage of data required
during the base period), among other factors,
lead to the observed differences in the annual
anomalies over time.

Over the global oceans, precipitation re-
cords are only available for the much shorter
satellite era. Remote Sensing Systems (RSS)
produces inter-calibrated passive microwave

STATE OF THE CLIMATE IN 2009

drift compared to RSS since 2005. Based
on updated analysis (Fig. 2.14), their 1988-2009
trends differ significantly and now exceed the 95%
confidence interval. The RSS trend has not changed
much, currently at 20.4 + 7.1 mm year! decade!, but
the GPCP trend is much lower at 2.4 + 8.1 mm year’!
decade™.

w— RES (MEAN = 341) = = R55Trnd= 204471
—  GPCP [MEAN = 1108) GPCP Trend = 2.4 +- B.1

50 s CWAP [MEAN = 11543 = = CMAP Tigd =54 +- 84

D‘namﬂrmﬂu'mml:rmw

Fic. 2.14. Time series of precipitation anomalies relative to the
period 1988-2009 for three datasets: RSS (black), GPCP (blue),
and CMAP (red). Averages are for the global ocean equator-
ward of 60° latitude using a common definition of “ocean”.
The annual cycle has been removed and the time series have
been low-pass filtered by convolution with a Gaussian distri-
bution, with 4-month width at half-peak power. RSS data are
available through all of 2009, GPCP data are available through
September 2009, and CMAP data are available through July
2008. The key gives the 1988-2009 mean (in units of mm year-')
and the linear trend (in units of mm year'' decade’') with the
95% confidence interval. The linear trends are shown by the
straight lines. The confidence interval is estimated based on
deviations from the linear fit, and does not represent a par-
ticular dataset’s “error”.
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Precipitation anomalies in 2009, over both
land and ocean reflected the transition from
La Nifia at the end of 2008 to El Nino by late
2009. Over land, several regions experienced
significant changes as a result. Long-term g o
drought conditions in the southeastern
United States persisted during the winter of
2008/09 (DJF; Fig. 2.15a), dissipated during
the boreal spring (MAM; Fig. 2.15b), and were
replaced by pronounced wet anomalies in the
boreal fall as the El Nifio developed (SON;
Fig. 2.15d). Similarly, dry conditions that
dominated northern Argentina for most of
2009 eventually broke later in the year as wet
anomalies developed during the austral spring
(SON; Fig. 2.15d). Abnormally dry conditions
were also observed in southern Asia and the Indian
subcontinent during the southwest monsoon (JJA;
Fig. 2.15¢).

During the La Nifia in early 2009, a dry anomaly
covered the western and central Pacific, with a wet
anomaly over the far western Pacific Ocean. As the
equatorial Pacific basin transitioned from La Nifa
to El Nifo, dry anomalies over the western equato-
rial Pacific expanded, as wet anomalies in the far
western Pacific region weakened (Plate 2.1). Dry
conditions were also observed over parts of the cen-
tral southern Pacific and Indian Ocean basins. The
most pronounced precipitation signal over the oceans
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was a dry anomaly over the tropical Atlantic along
the climatological latitude of the ITCZ just north of
the equator. This was in conjunction with a weaker
wet anomaly just south of the equator indicating an
anomalous southward excursion of the ITCZ. Pre-
cipitation anomalies over the tropical oceans were
relatively weak compared to other years (Fig. 2.16).
In addition, the wetter-than-normal conditions over
the Southern Ocean that started in 2000 continued
through 2009.

3) NORTHERN HEMISPHERE CONTINENTAL SNOW COVER

EXTENT—D. A. Robinson

Annual snow cover
extent (SCE) over the
Northern Hemisphere
(including snow over
the continents and the
Greenland ice sheet) was
0.4 million km? less than
the 40-yr average; 2009
experienced the 13th

least extensive cover on
record (Table 2.3). The
SCE in 2009 ranged from
47.1 million km? in Janu-
ary to 2.4 million km? in
August.

2009 began with SCE

in the second highest

-100

-80 -80 -40 -20 0

% change

quartile over Eurasia and
North America. North
American extent re-

Fic. 2.15. Global precipitation anomalies (in % change) determined using the
GHCN-Monthly dataset for the following 3-month seasons: (a) Dec 2008 to Feb
2009, (b) Mar to May 2009, (c) Jun to Aug 2009, and (d) Sep to Nov 2009. Seasonal
anomalies were determined relative to the 1961-90 means, with at least two-
thirds (66%) of the years without missing data required during the base period.
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mained within this quar-
tile until April. However,
Eurasian SCE fell into

FiGc. 2.16. As for Fig. 2.1 but for global ocean precipitation
anomalies (with units of mm year') as observed by the RSS
monthly average dataset. The anomaly is calculated using the
1988-2009 base period by removing the latitude-dependent
annual cycle.



TaeLe 2.3. Monthly and annual climatological information on Northern Hemisphere (NH) and conti-
nental snow extent between November 1966 and December 2009. The years 1968, 1969, and 1971 have
I, 5, and 3 missing months, respectively, so are not included in the annual (Ann) calculations. North
America (N. Am.) includes Greenland. Ranks are from most extensive (I) to least (ranges from 40 to
44 depending on the month). (Source: Rutgers Global Snow Lab.)
Nt Gaca ' Meansnow  Standard 2009 snow g4 Eurasa N Am.

comgi?:;cic;\%to (x 106 km?) (x 106 km?) (x 106 km2) NH rank rank rank
Jan 43 46.6 1.5 47.1 14 17 16
Feb 43 45.5 1.8 44.5 34 35 16
Mar 43 40.3 1.9 39.3 29 35 20
Apr 43 30.6 1.7 29.2 33 40 12
May 43 19.6 1.7 18.0 37 38 22
Jun 42 10.2 2.0 7.1 41 41 38
Jul 40 4.2 1.2 2.7 39 40 38
Aug 41 3.1 0.7 2.4 37 39 32
Sep 41 5.3 0.9 43 34 38 23
Oct 42 17.9 2.6 20.7 6 10 3
Nov 44 33.6 2.0 344 14 4l
Dec 44 43.2 1.8 459 2 |
Ann 40 25.0 0.9 24.6 28 29 19

2.17) running means had not been as consistently
low since the late 1980s and early 1990s. Meanwhile,
the North American running mean remained
close to the long-term mean throughout 2009.

the lowest quartile in February where it remained
until early fall. Being the larger of the two continents,
this most often placed the hemispheric landmass into
the lowest quartile until fall. SCE increased rapidly
across both continents in early October, with Eurasia
maintaining a top 10 ranking through-
out the remainder of the year. North
American SCE flipped from third most
extensive in October to fourth least
extensive in November and then to the
most extensive of the satellite era in De-
cember. This exemplifies the significant
intra- and inter-seasonal variability of
continental snow extent, particularly
during the fall season. Hemispheric
SCE in December was the second
greatest of the past 44 years, doubtless R S S R R S
linked to the extreme negative phase of 1970 1975 1960 1985 1960 1985 2000 2005 Eg g8

the Arctic Oscillation and associated o
. . . . Fic. 2.17. As for Fig. 2.2 but for monthly anomalies of mean snow
circulation anomalies (Fig. 2.29).

.. . cover extent between November 1966 and December 2009 over
Late-year positive SCE anomalies Northern Hemisph lands (i . .

g ) phere lands (including Greenland), Eurasia and
resulted in the twelve-month running N America. Running monthly means are plotted on the seventh
mean of Northern Hemisphere extent month of a given interval. Anomalies are calculated from NOAA
rising from its low extent of the past snow maps. Mean hemispheric snow extent is 25.0 million km? for
approximately two years and approach- the full period of record. Monthly means for the period of record
are used for nine missing months between 1968 and 1971 in order
to create a continuous series of running means. Missing months fall
between June and October, no winter months are missing.

iF =

Snow Cover Extand Monthly Average [million km sq)

ing the long-term mean (Fig. 2.17).
Both hemispheric and Eurasian (Fig.
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FiG.
for the four decades beginning in December 1969 and
ending in November 2009. Decadal percent anomalies
are calculated for the 40-year interval.

§34

B FALL
B WINTER
B SPRING

1970s 1880s 1890s 2000s
2.18. Seasonal SCE anomalies (excluding summer)

Decadal snow cover extent behavior over Northern
Hemisphere land regions between 1970 and 2009 was
quite different between seasons (Fig. 2.18). The 1970s
had the most extensive fall snow cover, with the 1980s
the least extensive (approx -4% and the only decade
below average). Winter SCE was almost equally above
the 40-yr mean in the 1970s and 2000s, close to aver-
age in the 1980s, and below average in the 1990s. All
winter decadal means were within 1.2% of average.
Spring SCE steadily declined from the 1970s to 2000s,
with these decades approximately +4% and -4% rela-
tive to the mean, respectively.

4) GLoBAL cLOUDINESS—M. ]. Foster, S. A. Ackerman, A. K.
Heidinger, and B. C. Maddux

Global cloud anomalies in 2009 reflected the shift
from weak La Nifia conditions to an El Nifio during
boreal summer. The resulting temperature and cir-
culation anomalies enhanced large-scale convection
in the central Pacific and suppressed convection in
the western Pacific near Indonesia. This generated
positive cloud anomalies in the central equatorial
Pacific and corresponding negative anomalies around
Indonesia in the latter half of the year. Large positive
annual anomalies of 10% to 15% were seen off the
western coast of Peru and eastern coasts of Australia
and Papua New Guinea (Plate 2.1). Since the shift to
El Nifio conditions did not occur until boreal sum-
mer, the magnitudes of the annual cloud anomalies
were relatively small. Only small portions of the
anomaly off the west coast of Peru were statistically
significant at the 5% level. 2009 also saw some unusual
continental cloudiness with positive cloud anomalies
over large portions of northwestern Africa coupled
with negative anomalies over eastern Africa (Plate
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2.1), sustained throughout much of the year. Parts
of Brazil also maintained positive cloud anomalies
for much of 2009 and an interesting though short-
lived cloudiness event occurred over the continental
United States. Large positive anomalies over most of
North America in October 2009 (Fig. 2.19) coincided
with the wettest October since records began in 1894.
Portions of the Midwest cloudiness anomalies are
statistically significant at the 5% level.

Global mean monthly cloud anomalies from four
different satellite cloud climatologies and surface
observations (Fig. 2.20) are defined as each month
minus its corresponding time series monthly mean.
Differences in cloudiness estimates can in part be
attributed to variations in how cloud-masking algo-
rithms define cloud versus clear-sky thresholds. This
is in addition to correcting for factors such as sensor
viewing angle, pixel footprint size, spectral channels,
diurnal satellite drift, and sensor calibration. The
trend of cloud anomalies over the last four decades
is smaller than seasonal and diurnal variability and
within the range of estimated uncertainties for each
product. With that in mind t-values are calculated for
the slope of each month to remove seasonal effects:
the surface weather observations (Fig. 2.20) data
record shows a positive trend for all months while
the International Satellite Cloud Climatology Proj-
ect (ISCCP, Fig. 2.20) record shows a negative trend.
None of the other records show significant trends.
Relative to the entire Pathfinder Atmospheres Ex-
tended (PATMOS-x, Fig. 2.20) time series, 2009 was
slightly cloudier-than-normal. The mean cloudiness
for the year was 65.6%, 0.3% higher than the 28-year
average, making 2009 the ninth cloudiest of the time

«20.0 -15.0 -10.0 -5.00 -2.50 0.00 250 500 100 150 2000
Anomabes from 1982-2009 (%)

Fic. 2.19. Cloud anomaly map for October 2009 gen-
erated from the 28-year Pathfinder Atmospheres
Extended (PATMOS-x, Heidinger and Pavolonis 2009)
cloud climatology (1982 to present), which is derived
from NOAA'’s Advanced Very High Resolution Radi-

ometer (AVHRR).
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FiG. 2.20. As for Fig. 2.2 but for monthly anomalies of
cloud amount from 1971 through 2009 taken from five
datasets. Climatologies are derived from different instru-
ments and cover different periods, the earliest of which
are (a) surface weather observations (SOBS) from 1971
to 1996 (Hahn and Warren 2007); (b) Moderate Resolu-
tion Imaging Spectroradiometer (MODIS, Ackerman
et al. 2008); (c) Multiangle Imaging Spectroradiometer
(MISR, Di Girolamo et al. 2010) instruments on NASA’s
Terra satellite from 2000 to present (a MODIS instru-
ment is also located on NASA’s Aqua satellite and is
included in the climatology); (d) International Satellite
Cloud Climatology Project (ISCCP) data derived from
imaging radiometers on operational weather satellites
of several nations from 1983 to 2008 (and continuing);
and (e) PATMOS-x described in Fig. 2.19. Thick solid lines
represent average cloudiness for each dataset using a
boxcar filter with a twelve-month window.

series. Nine months had higher cloudiness than the
monthly mean (not significant), with only April, May,
and August falling below the mean.

5) River DISCHARGE—B. M. Fekete, R. B. Lammers, A. Mac
Donald, L. C. Bowling, and R. Lawford

Discharge gauges are efficient and relatively in-
expensive, and river discharge is the most accurately
measured component of the water cycle (Fekete et al.
2002; Hagemann and Diimenil 1998). While modern
telecommunication technologies are readily available
to share in situ observations in a timely manner, the
lack of international cooperation and data sharing
are the main obstacles in accessing discharge data.
For this reason historical runoff analyses are always
delayed by three to five years and are incomplete in
important geographical areas. As few as ~300 dis-
charge gauges, strategically located near river mouths
of large rivers around the world, could monitor over
50% of the continental land mass (Fekete et al. 2002).
The World Meteorological Organization is propos-
ing to establish 265 real-time reporting discharge
gauges globally (to monitor 40% of the continental
land mass) as the number of operating discharge
gauges has steadily declined since the mid-1980s
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(Shiklomanov et al. 2002; Vérosmarty et al. 2002)
at the same time as concerns about climate change
effects are growing.

The only way to reconstruct recent changes in
global runoff is to carry out water balance calcula-
tions using a relatively simple configuration of the
Water Balance Model driven by observed air tem-
peratures and precipitation (Vorosmarty et al. 1998;
Wisser et al. 2008, 2010). Water balance calculations
were carried out for the periods of 1901-2002, 1948-
2007, 1986-2008, and 2003-05 using combinations
of different climate forcings (due to the lack of single
consistent time series from the beginning of the 20th
Century to present). The overlapping periods were
used to reconcile the different runoff estimates.

The reconciled runoff estimates (Fig. 2.21/Plate
2.1) reveal that the last decade (2000-09) had similar
or increased river discharge in all continents and
ocean catchments, except Africa and the Mediter-
ranean/Black Sea drainage when compared to the
long-term mean. 2009 appeared to return to the 20th
Century global average except over Africa, the Pacific
Islands, South America, and the Arctic and Pacific
Oceans. Most of the continents show similar patterns
except Africa, which is drying steadily and Asia,
which fell below the 20th Century average in 2009.
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FiG. 2.21. River runoff by (a) continent and (b) receiving

oceans. “Islands” refers to the Pacific Islands, “Med.
& Black’ refers to the Mediterranean and Black Sea
drainage regions and “Land” represents the mean of all
internal (endorheic) basins found on every continent.
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USING SI-TRACABLE GLOBAL POSITIONING SYSTEM RADIO
OCCULATION MEASUREMENTS FOR CLIMATE MONITORING—

§-P. HO, Y.-H. KUO, W. SCHREINER, AND X. ZHOU

Global Positioning Sys-
tem (GPS) Radio Occultation
(RO) data are an important
component of the evolving
global observing system (NRC
2007; WMO 2007; GCOS
2004). GPS-RO is the only
self-calibrated observing tech-
nique from space whereby its
fundamental measurement is
traceable to the international
system of units (SI) (S| trace-
ability; Ohring 2007). GPS
receivers on low-Earth orbit-

Oeculation Locations for COSMIC, 5 S/C, 6 Planes, 24 Hr

Fic. 2.22. Typical operational distribution of COSMIC GPS radio occultation
soundings (green dots) over a 24-hr period across the globe. Red dots are loca-
tions of operational radiosonde stations.

ing (LEO) satellites receive
measurable radio frequency
signals transmitted from GPS
satellites; monitoring and corrections from a series of

atomic clocks allows the signal timing to be traced to the 0
10
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Sl second with a high degree of accuracy. Significant ad-
vantages of Sl-traceable GPS-RO observations for climate
monitoring include: (i) no satellite-to-satellite bias (Hajj
et al. 2004; Ho et al. 2009a); (ii) great precision (Anthes
etal. 2008; Foelsche et al. 2009; Ho et al. 2009a); and (jii)
no synoptic sampling bias (cloud/precipitation effects).
Raw RO observations and precise positions and ve-
locities of GPS and LEO satellites, can be used to derive
atmospheric temperature and moisture profiles (Hajj
et al. 2004; Kuo et al. 2004; Ho et al. 2009b). GPS-RO
temperature can be validated by comparing temperature
measurements from FORMOSAT-3/ COSMIC with high
quality radiosonde measurements. With a uniform dis-
tribution of COSMIC RO data in time and space (~2500
profiles per day, Fig. 2.22), more than 10 000 collocations
of Vaisala-RS92 radiosonde and COSMIC data within
2 hours and 300 km exist (Fig. 2.23). The precision of
COSMIC derived temperature profiles is estimated to be
better than 0.05 K from 8 km to 30 km (Ho et al. 2009a);
COSMIC temperature is very close to radiosondes from
200 hPa to 20 hPa (around 12 km to 25 km). Because the
quality of RO data does not vary with location and time,
it is very useful for assessing systematic errors in differ-
ent radiosonde sensors (e.g., He et al. 2009; Kuo et al.
2005; Elliott and Gaffen 1991; Luers and Eskridge 1998).
Radiative temperature biases that vary during the day and
night can be identified for different radiosonde sensor
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Fic. 2.23. Temperature comparisons between COS-
MIC and radiosonde Vaisala-RS92 in 2007. Mean bias,
absolute mean bias and mean standard deviation are
computed from 200 hPa to 10 hPa. The red line is the
mean difference, the blue line is the standard deviation,
and the dotted line is the sample number for RO and
radiosonde pairs in that height (upper horizontal axis).
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types when comparing with collocated
COSMIC RO soundings (He et al. 2009).

The upper troposphere and lower
stratosphere (UT/LS) is a critical re-
gion for understanding the radiative
balance of the climate system and cli-
mate processes. However, due to poor
vertical resolution and/or fundamental
measurement uncertainty, most in situ
and satellite sounder measurements of
meteorological parameters in this region
are not suitable for climate monitoring
(Karl et al. 2006). The very high preci-
sion and vertical resolution (from ~60
m near the surface to ~1.5 km at 40
km) of GPS-RO data makes them very

suitable to detect changes in UT/LS temperature (Ho
et al. 2007), tropopause height, and the distribution of

2008.001 ~ 2008.365

GPS Satellite

Tangent Point

)

FORMOSAT-3
ICOSMIC Satellite

Pictoral representation of GPS-RO measurement

double tropopauses (Randel et al. 2007). Because GPS-RO
data are not affected by on-orbit heating and cooling of
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Fic. 2.24. Global comparisons of TCWYV between COSMIC and

those derived from ground-based GPS (i.e., IGS) for 2008.
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satellite components, they are very
useful for identifying the time/loca-
tion dependent biases of microwave
sounders (Ho et al. 2009c), making
them potentially useful as a climate
benchmark (Ho et al. 20092) in ad-
dition to being well suited to detect
climate trends (Ho et al. 2009b;
Ringer and Healy 2008).

Using refractivity data and rea-
sonably independent temperature
profiles, highly precise COSMIC
water vapor profiles can be derived.
Comparisons of total-column water
vapor (TCWYV) from COSMIC with
those derived from ground-based
GPS (i.e., International Global Navi-
gation Satellite Systems—IGS, Wang
et al. 2007) show that the mean
global difference between IGS and
COSMIC TCWYV is about -0.2 mm
with a standard deviation of 2.7 mm
(Fig. 2.24).
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6) LAkE LEVELs—C. Birkett

Lake volumes respond to changes in precipitation
integrated over their catchment basins (Street-Perrott
et al. 1986) and are indirect indicators of climatic
change (Langbein 1961; Szesztay 1974). The response
is particularly marked for closed lakes (having no
significant surface or subsurface outflow) whose
surface area, when in hydrological equilibrium, has
been used in paleoclimatic studies to indicate changes
in aridity. Closed lakes act as low-pass filters to varia-
tions in aridity, with a characteristic time constant of
between 1 and 1000 years, depending largely on lake
geomorphology (Mason et al. 1994). Historical stud-
ies of the links between climate and lake levels have
concentrated on individual lakes or regions. However,
both natural and anthropogenic climate effects have
highlighted the need for a global approach to the
systematic monitoring of lake levels (Williams 1993).
For many lakes ground-based lake levels (‘stage’)
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Fic. 2.25. Lake level products from the NASA/USDA/
FAS. Topex/Poseidon (blue), Jason-I (red), and Jason-2
(purple) radar altimeters. The lakes reside in the
United States (Michigan), Argentina (Chiquita), Iran
(Urmia), Tanzania (Rukwa), and China (Hulun).
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can be difficult to acquire, and while satellite-based
imagery can reveal surface extent, there are currently
no operational products.

Satellite-based lake-level products, however, are
now being offered within three programs (NASA/
USDA, ESA, and LEGOS; Fig. 2.25). Records are now
long enough in theory to support climate monitoring.
Large-lake levels are derived using several satellite
radar altimeters with varying temporal (10-, 17-, 35-
day) and spatial resolutions. Errors relative to ground-
based gauge data can range from a few centimeters to
tens of centimeters RMS (Birkett 1995). The NASA/
CNES suite of instruments offers measurements from
1992, the ESA suite from 1994. The number of lakes
considered varies within each program but Fig. 2.26
shows the potential spatial distribution of all lake
products within the NASA/USDA program. Location
and lake type information can also be found in the
databases of Birkett and Mason (1995, lakes of surface
area > 100 km?) and Lehner and Déll (2004, surface
areas > 50 km?).

While the NASA/USDA program provides a
graphic comparison of the near-real-time water level
status with respect to a short-term mean (Fig. 2.27),
published research has focused more on single basin
studies or regional water level variations and their
links to ENSO and Indian Ocean SST anomalies
(Birkett et al. 1999; Arpe et al. 2000; Mercier et al.
2002; Bergonzini et al. 2004; Zola and Bengtsson
2006; Ricko et al. 2009, manuscript submitted to
J. Climate). Although the focus in these studies is
on larger, open lakes (having significant surface or
subsurface outflow), the ability of these phenomena
to gain a rapid reaction in lake level regardless of
anthropogenic controls shows that global and re-
gional studies should not exclude other lake types
and reservoirs.

Current Lakes Moniored by Jason-1 and Potential Llhul.l:l‘tth‘lldh]lE_H'il‘lSAT
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FiG. 2.26. Locations of lakes and reservoirs for which
near-real-time lake level products are or will be avail-

able through the NASA/USDA/FAS Web site.



connections to higher latitudes in
both hemispheres.

The other major event in 2009
was the development of an ex-
treme negative North Atlantic
Oscillation (NAO)/Arctic Oscil-
lation (AO) phase in December
2009 that persisted through
much of the 2009/10 winter. In

Fic. 2.27. Map showing location of currently available NASA/USDA/FAS Fig. 2.29, the D.ecemt.)er. 2009
lake level products depicting the near-real-time lake level status with global MSLP field distinctly
respect to a short-term mean (1992-2002): red (low water), navy (high shows the NAO/AO influence
water), white missing data .

d. Atmospheric circulation

1) MEAN SEA LEVEL PRESSURE—R. Allan

Ashighlighted in previous sections, a weak-mod-
erate El Nifo event developed mid-2009 following
the collapse of La Nifia early in the year. As a con-
sequence, the annual global MSLP field showed no
distinct El Nifio signature (Plate 2.1).

El Nifo and La Nifia events can be measured by
the Southern Oscillation Index (SOI), the normalized
MSLP difference between Tahiti and Darwin (Allan et
al. 1996). El Ninos (negative SOI) and La Nias (posi-
tive SOI) vary in magnitude, duration, and evolution,
with no two events or episodes exactly the same.
The SOI since 1900 is dominated by interannual to
multidecadal vacillations, but very long-term trends
are not evident (Fig. 2.28a). The SOI trace since 2000 BT T T
highlights the shift from the La Nifia of 2007/08 to the 50 100 -7.50 500 -250 -1.00 0.00 1.00 250 500 750 100 150
El Nifo of 2009 (Fig. 2.28b). Major El Nifio and La Anomalies from 1361-1990 (hPa)

Nifia events can be near-global in their influence on  Fig. 2.29. Global MSLP anomalies (hPa) for December
world weather patterns, owing to ocean-atmosphere 2009 from HadSLP2r (Allen and Ansell 2006).
interactions across the Indo-Pacific region with tele-

across the North Atlantic and North Pacific
with positive pressure anomalies over higher
latitudes and negative anomalies over the
mid-latitudes and an associated reduction in
westerlies. This is further evident in Fig. 2.30a
which highlights the major shift in atmospher-
ic circulation in early December 2009 which
led to record snow and cold temperatures

;E' 2 across the UK and parts of Europe and North

o America. Monthly AO values since 1950 (Fig.
i 4 2.30b) indicate that the December 2009 value
g was the lowest December value in that record.

4 -z, —
mmmmmmmmm'ﬁm

2) SURFACE WIND SPEED—C(. Mears
Fic. 2.28. The Australian Bureau of Meteorology SOI for (top) Surface wind speed over the world’s oceans
1876 to 2009 and (bottom) from 2000 to 2009 relative to the

began to be monitored continuously with
1876 to 2009 average.
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FiG. 2.30. (a) The daily AO index from 31 Aug 2009 to
29 Dec 2009 is constructed by projecting the daily (00Z)
1000mb height anomalies poleward of 20°N onto the
loading pattern of the AO. The loading pattern is de-
fined as the leading mode of an EOF analysis of monthly
mean 700-hPa height anomalies onto the EOF mode.
(b) Constructed as in (a) for monthly December values.

the launch of the first Special Sensor
Microwave/Imager (SSM/I) satellite

— SR AMER-E
CulicSeat

FiG. 2.31. Surface wind speed anomalies over the global
ice-free oceans as measured by Remote Sensing Sys-
tems from the SSM/I and the Advanced Microwave
Scanning Radiometer EOS (AMSR-E) instruments.
The time series has been smoothed to remove vari-
ability on time scales shorter than 4 months. The
reference period for the combined AMSR-E and SSM/I
measurements is 1988-2007. For the QuikSCAT mea-
surements the reference period is 2000-2007, with
the mean adjusted to match the SSM/l anomalies for
2000-07.

2007.1In 2008 and 2009, global wind speed fell slightly.
Wind speeds derived from the QuikSCAT microwave
scatterometer (Lungu and Callahan 2006), carried on
a different satellite than the SSM/I instrument, us-
ing a different measurement technology show nearly
identical results. Surface wind speed is dominated by
short-term variability making it difficult to discern
long-term trend behavior.

Winds in the tropics, especially the central tropical
Pacific, were sharply reduced during 2009 (Fig. 2.32,
Fig. 2.33), as the tropical pacific transitioned to El
Nifio. Positive wind anomalies in the Atlantic around
45°N coincided with a negative phase of the NAO/AO
(Hurrell et al. 2003; Fig. 2.30b) during much of 2009
(Plate 2.1, Fig. 2.33).

in late 1987. The SSM/I instrument is BRI PP (R S T T B IR B 2 T T '\ m s’
a microwave radiometer that makes 60N __1 i li \ r L H !'III BN S {4 | -(1 t_ 15,0
measurements of upwelling microwave i Fe I g/ { \ \ ' A lﬁg
radiation to infer the surface rough- 30N |- Vil ) gg
ness of the worlds oceans and thus, the E k. _' I 1 Hozs
surface wind speed (Wentz 1997). Since £ 0 _ i W ?,:.?5
the first SSM/I instrument, a number of 308 Al | 3%
additional microwave imaging sensors L . { H-100
have been launched and intercalibrated g0s = il AL b Yelbdh bl R ::ﬁ
to the accuracy necessary for climate A T e .| :

studies (Wentz et al. 2007). Globally- 1990 1995 2000 2005

averaged winds (Fig. 2.31) exhibited year

a maximum in 1988/89, followed by a
minimum in 1991, and then an increas-
ing trend in global winds from 1990 to
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FiG. 2.32. As for Fig. 2.1 but for surface wind speed anomalies
(reference period 1988-2007) over the ice-free oceans. Data
have been smoothed in time to remove variability on time
scales shorter than 4 months.
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Fic. 2.33. Map of the difference in annual mean wind
speed, 2009 minus 2008 calculated using data from
AMSR-E.

e. Earth radiation budget at top-of-atmosphere—P. W.

Stackhouse, Jr., T. Wong, N. G. Loeb, D. P. Kratz, A. C. Wilber,

D. R. Doelling, and L. C. Nguyen

Preliminary analysis suggests that both the global-
annual mean outgoing longwave radiation (OLR) and
the reflected shortwave radiation increased slightly
by ~0.1 W m, from 2008 to 2009 (Table 2.4). There
was very little annual average change in the total so-
lar irradiance (< 0.01 W m2) since the solar activity
remained at minimum during the period. Thus, the
combined longwave and shortwave changes caused a
reduction of ~0.2 W m in total net radiation into the
Earth climate system in 2009. These initial results de-
rived from the Clouds and the Earth’s Radiant Energy
System (CERES; Wielicki et al. 1998) Fast Longwave
and Shortwave Radiative Fluxes (FLASHFlux) data-
set (Stackhouse et al. 2006; LEcuyer et al. 2008) may
still include small instrument drift artifacts between
January 2008 and December 2009. Reassessments of
these results are expected in the forthcoming CERES
Edition 3 instrument calibration data and after CE-
RES FLASHFlux is upgraded to provide global grid-
ded monthly anomaly information. Relative to the
multiyear dataset average for

Budget (ERB) datasets from two sources: a new
CERES SSF (Single Scanning Footprint) 1x1 Degree
Lite (SSF 1Deg Lite; a Top-of-Atmosphere [TOA] only
version) using the Edition 2.5 instrument calibration;
and CERES FLASHFlux (Fig. 2.34). TOA Fluxes from
both datasets in the year 2007 were used to normalize
the FLASHFlux data to SSF 1Deg Lite. The 2-sigma
monthly uncertainty from the overlapped period is
+0.4/+0.9/+1.3 W m2 for the longwave/shortwave/net
radiation, respectively. By mid-2009, the decrease in
the OLR and the increase in the total net TOA flux
continuing from late 2008 peaked and then reversed
sign. Smoothed averaged TOA OLR shows a general
agreement in fluctuations with a similarly smoothed
Multivariate ENSO Index where the index peaked
negatively in late 2008/early 2009 and reversed sign
during the year. Thus, it appears that change in El
Nifo intensity is largely responsible for the global
averaged monthly TOA variability during this time
period. Linear trend analyses are not recommended
due to the natural fluctuation in ERB relating to
ENSO activity in the short record, large uncertainty
from the data merging process, and instrument
drift potential in the FLASHFlux data. A long-term
homogeneous data source with in-depth instrument
stability analysis is needed to reduce these uncertain-
ties for future reassessment activity.

f. Atmospheric composition
1) ATMOSPHERIC CHEMICAL COMPOSITION—R. C. Schnell
(i) Carbon dioxide, methane, and carbon monoxide—
E. . Dlugokencky

(A) CareoN pioxipe (CO,)

Since 1750, ~335 billion tons of carbon has been
emitted into the atmosphere by human activities,
about half of this since the mid-1970s (Marland et
al. 2008), and emissions rates increased by > 3%
from 2000-04 (Raupach et al. 2007). Atmospheric
CO, has increased from about 280 ppm at the start

2001 to 2008, the 2009 global- TasLE 2.4. Summary of the 2009 global-annual mean TOA radiative
annual mean anomaly (Table flux component (W m2) changes relative to 2008 and the 2001-2008
2.4) is -0.4/0.0/+0.4 W m™ for climatology. TOA Total Net = Incoming (SW) - Outgoing (SW+LW).
longwave/shortwave/total net e 2009 anomaly 2-sigma Interannual
radiation, respectively. These 2008 (relative to 2 2001-08 variability
are within their correspond- climatology) 2001 to 2008
ing 2-sigma interannual vari- Outgoing 0.1 .04 +0.6
abilities for this period. Longwave

Global monthly deseason- Reflected o o .y
alized anomalies since March Shortwave : : "
2000 have been constructed Total Net (>0 into 02 04 r0k
by merging Earth Radiation system) - g =

STATE OF THE CLIMATE IN 2009

JuLy 2010 BAMS | S4l



'
-

E : 1 [ - cERE 55 10w « PG
o
E-‘I ¥ b
g2
E 2 Fiafigcing SW Ancmaly
’MRM"* ﬁlﬁwﬁgﬁwﬁ'
g amiicoiat "
é‘z - - CERES S5F :I:I-'-_,' i - - ,_L; .,..Ff?._.. =
|E 2
z1
E o
é

fa

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Time (Year)
Fic. 2.34. Time series of global-monthly mean de-
seasonalized anomalies of TOA Earth Radiation
Budget for longwave (top panel), shortwave (middle
panel), and net radiation (bottom panel) from March
2000 to December 2009. Anomalies are computed
relative to the calendar month climatology derived
for the March 2000 to December 2009 period. The
vertical red line in the figure separates the portion of
the time series that is constructed using the CERES
SSF IDeg Lite (3/2000 to 12/2007) and the CERES
FLASHFIux (1/2008 to 12/2009) dataset, respectively.
Mean differences between datasets were removed
using available data from the overlap year 2007 and
the combined ERB time series was anchored to the
absolute value of CERES SSF IDeg Lite before de-
seasonalization (Source: The official data file name of
the CERES SSF IDeg Lite is CER_SSFldeg_month-lite
and is available at http://science.larc.nasa.gov/ceres/).

of the industrial revolution to more than 380 ppm
today. About half of the emitted CO, remains in the
atmosphere after a year, and after a millennium, ~20%
remains (Archer and Brovkin 2008).

The preliminary globally averaged atmospheric
CO, mole fraction in 2009 was 386.29 ppm; 1.5 ppm
more than 2008 [see Conway et al. (1994) for a de-
scription of sampling network and methods]. This is
slightly greater than the average rate of increase from
1979 through 2008 of 1.63 ppm yr!. Despite fossil
CO, emissions being predominantly in the northern
hemisphere, the rate of increase of atmospheric CO,
is approximately geographically uniform (Fig. 2.35).
The amplitude of the seasonal cycle varies based on
exposure of air masses arriving at the sites to the
terrestrial biosphere, but there are no significant dif-
ferences in long-term trends.
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(B) MeTHANE (CH,)

After a decade of near-zero growth, atmospheric
methane increased globally in 2007 and 2008 by ~7.5
ppb yr! (Rigby et al. 2008; Dlugokencky et al. 2009),
mostly from emissions in the Arctic in 2007 and
Tropics in 2007 and 2008. Likely drivers for increased
emissions are anomalously high temperatures and
precipitation in wetland regions, particularly in the
Arctic during 2007. In 2009, globally averaged atmo-
spheric CH, increased again (by 6.5 ppb) to 1793.9
ppb, but the main drivers of the continued increase
are unclear. The current atmospheric CH, observing
network, including in situ and remotely-sensed ob-
servations, is insufficient to determine with certainty
the causes of CH, increases over the past three years
(see Fig. 2.35).
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Fic. 2.35. Monthly mean mole fractions determined
from NOAA/ESRL Observatories at Barrow, Alaska
(BRW); Mauna Loa, Hawaii (MLO); American Samoa
(SMO); and South Pole (SPO) for (a) CO,, (b) CH,, and
(c) CO. 2009 results are preliminary. Monthly means
are courtesy of Kirk Thoning (CO,), Ed Dlugokencky
(CH,), and Paul Novelli (CO), all from NOAA/ESRL.
Additional plots can be found at http://www.esrl.noaa.
gov/igmd/ccggliadv/ and http://www.esrl.noaa.govigmd/
Photo_Gallery/GMD_Figures/ccgg_figures/.



(C) CarsoN moNoxiDE (CO)

There has been no long-term CO trend since ESRL
measurements began in 1990 (Novelli et al. 2003), but
CO anomalies occurred during 1997 to 1998, and
again in 2002 to 2003. These anomalies are likely the
result of tropical (Langenfelds et al. 2002) and boreal
biomass burning (Kasischke et al. 2000). Since the
lifetime of CO is relatively short (few months), the CO

enhancements quickly disappeared. The
preliminary globally averaged CO mole
fraction in 2009 is 80 ppb, 15 ppb lower
than 1998. ESRLs surface sampling net-
work is less sensitive to biomass burning
emissions of CO than remotely sensed CO
observations, such as MOPITT (Measure-
ments Of Pollution In The Troposphere;
Pan et al. 1998), because emissions are
rapidly transported away from the sur-
face where the sampling sites are. The
combination of surface measurements
and MOPITT retrievals provide useful
auxiliary information in determining
the contribution of biomass burning to
recent increases in atmospheric CH, (see
Fig. 2.35).

(ii) Changes in atmospheric abundances
of ozone-depleting gases and their
replacements—S. A. Montzka and G. §.
Dutton

Long-lived halocarbons affect the ra-

diative balance of the atmosphere because
they efficiently absorb terrestrial infrared
(IR) radiation. Those containing bromine
(Br) and chlorine (Cl) also influence the
radiative atmospheric balance indirectly
through their destruction of stratospheric
ozone. Through amendments and adjust-
ments to the 1987 Montreal Protocol on
Substances that Deplete the Ozone Layer,
the decline in mixing ratios of most of the
potent ozone-depleting gases continued
in 2009 (Fig. 2.36). However, mixing ra-
tios of some halogenated gases continue
to increase globally. The most rapid in-
creases are observed for hydrochlorofluo-
rocarbons (HCFCs) and hydrofluorocar-
bons (HFCs), common replacements for
chlorofluorocarbons (CFCs), halons, and
other ozone-depleting gases. Increases in
HCFCs have recently accelerated owing
to enhanced use in developing countries
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(Montzka et al. 2009). Both HCFCs and HFCs are
efficient absorbers of infrared radiation (Table 2.5).
HCFCs contain chlorine but have smaller influence
on ozone than the CFCs; HFCs do not cause ozone
destruction.

The influence of halocarbon trace-gas trends
on future levels of stratospheric ozone can be es-
timated from weighted sums of Cl and Br in long-
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Fic. 2.36. Changes in global mean tropospheric mixing ratios (in
ppt, or pmol mol') of the most abundant CFCs, HCFCs, HFCs,
chlorinated solvents, and brominated gases. The middle-right hand
panel shows secular changes in atmospheric effective equivalent
chlorine (EECI; in ppb or nmol mol-'), which is an estimate of the
ozone-depleting power of these atmospheric halocarbons. EECI
is derived from observed mixing ratios of ozone-depleting gases
appearing in the other 4 panels, and it is derived from the sum of
[CI + (Br*60)] contained in these gases. The bottom panel shows
the recent changes in Effective Equivalent Stratospheric Chlorine
(EESC) observed by the NOAA/GMD global network relative
to the secular changes observed in the past, including the level
observed in 1980 when the ozone hole was first observed, and a
projected future. The Ozone Depleting Gas Index for midlatitudes
is derived (right-hand axis) from rescaling EESC. EESC is derived
from EECI by simply adding 3 years to the time axis to represent
the lag associated with mixing air from the troposphere to the
middle stratosphere, where the ozone layer resides [Source: up-
dates to Montzka et al. (1996, 1999).]
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lived halocarbons. In the midlatitudes, this influ-
ence is expressed as effective equivalent chlorine
(EEC; Fig. 2.36) and is derived from surface-based
measurements. It provides an estimate of the near-
future ozone-depleting power of trace gases (EESC,
Fig. 2.36), when air at the Earth’s surface will have
become mixed into the midlatitude stratosphere. A
second metric, equivalent chlorine (ECI, not shown),
provides an estimate of the ozone-depleting power of
trace gases in the near future for the stratosphere over
the Polar Regions.

The EECI content of the lower atmosphere has
declined fairly steadily since the peak in 1994 through
2009 at a mean rate of 28 ppt yr'!. Despite these sub-
stantial changes, full recovery of stratospheric ozone
is not expected until the middle to latter part of the
21st century owing to the long lifetime of many of
these chemicals (lower panel of Fig. 2.36; Table 2.5).
Progress towards EECl reductions can now be readily
assessed with the NOA A Ozone-Depleting Gas Index
(ODGI) (Hofmann and Montzka 2009). In 2009 the
ODGI for the midlatitudes was 68.7 and the ODGI
for Antarctica derived from ECI estimates was 83.5
(not shown).

(iii) The combined influence of long-lived trace gases
on the radiative balance of the atmosphere—
§. A. Montzka

Long-lived trace gases have a direct and indirect
influence on the energy balance of the atmosphere.
The direct radiative influence of a trace gas is propor-
tional to its atmospheric abundance and its radiative
efficiency (Table 2.5). High precision measurements
of the major long-lived greenhouse gases and 15
minor greenhouse gases (Table 2.5) have been used
to calculate the overall change in the direct radiative
climate forcing (Hofmann et al. 2006) (Fig. 2.37).
By mid-2008, the increases in the abundances of all
these gases amounted to an additional direct radia-
tive forcing to the atmosphere totaling approximately
2.74 W m, changes in the abundance of CO, ac-
counting for 63% of this enhanced radiative forcing.
The NOAA Annual Greenhouse Gas Index
(AGGI)(Hofmann et al. 2006) is calculated as a ratio
relative to the direct radiative forcing calculated from
these gases for 1990; indirect effects (e.g., arising from
ozone depletion or water-vapor feedbacks) are not
considered. Preliminary data indicated that the 2009
AGGI was 1.275 (Fig. 2.37) and CO, had accounted

for about 80% of the observed increase since 1990.
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FiGc. 2.37. The NOAA Annual Greenhouse Gas Index
(AGGI) shows radiative forcing relative to 1750, of all
the long-lived greenhouse gases indexed to | for the
year 1990. Since 1990, radiative forcing from green-
house gases has increased 27.5%.

(iv) Nitrous oxide (N,0) and sulfur hexafluoride
(SF,)—]. W. Elkins and G. §. Dutton

Nitrous oxide (N,0) and sulfur hexafluoride (SF,)
are important atmospheric trace gases with signifi-
cant man-made sources. Nitrous oxide has the third
strongest anthropogenic climate forcing after CO,
and CH, and is considered a major greenhouse gas
(Butler 2009). Atmospheric N O is also responsible
for stratospheric ozone depletion by providing a
source of stratospheric nitric oxide (Ravishankara
et al. 2009). The 2009 mean global concentration of
N,O was 322.5+ 0.1 ppb yr™ (Fig. 2.38, top panel). Its
mean global growth rate since 1977 is 0.733 + 0.002
ppb but with substantial interannual variation (Fig.
2.38, bottom panel). The atmospheric N,O budget is
out of balance by one-third as a result of man-made
emissions, primarily through emissions from nitro-
gen fertilizers (Crutzen et al. 2007).

Sulfur hexafluoride has one of the strongest Global
Warming Potentials (GWP) of all trace gases at 23 900
times CO, with a 100-yr time horizon (Solomon et al.
2007) with the fifth strongest climate forcing of the
10 minor greenhouse gases (Hofmann et al. 2006). Its
global average concentration for 2009 was 6.76 + 0.07
parts-per-trillion dry by mole fraction (ppt) (Fig. 2.38,
top panel) and thus its climate forcing contribution is
small. The atmospheric lifetime of SF, is long (3200
yr); so, many developed countries have instituted vol-
untary programs with suppliers and utilities to reduce
their emissions. The global atmospheric growth rate
peaked at 0.32 ppt yr'! in 2008 but in 2009 decreased,
perhaps as a result of the recent global economic re-
cession and voluntary efforts by countries to reduce
emissions (Fig. 2.38, bottom panel).



TaBLE 2.5. Mixing ratios, radiative efficiencies and lifetimes of chemicals considered in the AGGI.
Mean suface
mixing ratio
mid-2009
[change
Industrial Designation Chemical Radiative Efficiency from 2008 to
or Common Name Formula AGGI ODGI (W m?2ppb') * 20097 Lifetime
Carbon Dioxide CO, Y N 1.41x10-> 386.3[1.5] NA
Methane CH, Y N 3.7x10* 1.79 [6.5x1073] 9.0
Nitrous oxide N,O Y N 3.03x10-3 322.5[0.6] 114
Chlorofluorocarbons
CFC-I1I CCIF Y Y 0.25 243.3[-1.8] 45
CFC-12 CCIF, Y Y 0.32 532.6[-3.0] 100
CFC-113 CCI,FCCIF, Y Y 0.30 75.9[-0.5] 85
Hydrochlorofluorocarbons
HCFC-22 CHCIF, Y Y 0.20 198.4[8.7] 12.0
HCFC-141b CH,CCLF Y Y 0.14 19.8[0.6] 9.3
HCFC-142b CH,CCIF, Y Y 0.20 19.4[1.1] 17.9
Hydrofluorocarbons
HFC-134a CH,FCF, Y N 0.16 52.5[4.8] 14
HFC-152a CH,CHF, N N 0.09 5.9[0.3] 1.4
Chlorocarbons
Methyl Chloroform CH,CCl, Y Y 0.06 9.2[-1.6] 5.0
Carbon Tetrachloride CcCl, Y Y 0.13 89.4[-1.4] 26
Methyl Chloride CH.CI N Y 0.0l 542[-2] 1.0
Bromocarbons
Methyl Bromide CH,Br N 0.0l 7.3[-0.0-2] 0.7
Halon 1211 CBrCIF, Y Y 0.30 4.0[-0.05] 16.0
Halon 1301 CBrF, Y Y 0.32 3.1[0.02] 65
Halon 2402 CBrF,CBrF N Y 0.33 0.45[-0.01] 20
Fully fluorinated species
Sulfur Hexafluoride SF, y | N 0.52 | 6760026] | 3200

NA = Not applicable; the lifetime of CO, cannot be expressed as a single number (Archer and Brovkin 2008).

* Radiative forcings and lifetimes are taken from Daniel et al. (2007) and Clerbaux and Cunnold et al. (2007).

2 Mixing ratios are measured global surface means determined from NOAA global cooperative sampling network (Hofmann et al.
2006). Changes indicated in brackets are simply the difference between the 2009 and 2008 annual global surface mean mixing
ratios. Units are ppm for CO,, ppb for CH, and N, O, and ppt for all others.

2) GLoBAL AEROSOLS—].W. Kaiser, A. Benedetti, and |.-J. Morcrette
Atmospheric aerosols influence atmospheric radiation
and cloud droplet nucleation. Inadequate understanding
of these direct and indirect effects dominates uncertainty
of the radiative forcing in climate projections from climate
models (Alley et al. 2007). The aerosol sources are influ-
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enced by changes in land cover, wind and precipitation
patterns, and human activities. Global monitoring of aero-
sols remains a substantial scientific challenge due to their
large variability and heterogeneity in chemical composi-
tion and size. Current routine ground- and satellite-based
observations of aerosols cannot provide high temporal
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Fic. 2.38. (top) Global monthly means along with
estimates for the linear growth rate of atmospheric
nitrous oxide (N,O, red) in ppb and sulfur hexafluoride
(SF,, blue) in ppt from the NOAA/ESRL halocarbon
network (binomial smoothing with 3 month filter).
(bottom) Instantaneous growth rate of N,O and SF, of
data above using a FFT smoothing algorithm (Thoning
et al. 1989) with a two year filter, note the rise of the
atmospheric SF, growth rate after 2003. Atmospheric
data for N,O prior to 1989 and for SF, prior to 1999
were analyzed from flasks instead of continuously
operating instruments at NOAA/ESRL baseline ob-
servatories.

resolution global coverage and yield only very limited
information on the chemical composition, size
distribution, and vertical profiles.

The Global and regional Earth-system Moni-
toring using Satellite and in-situ data project
(GEMS, Hollingsworth et al. 2008) has created
a continuous space-time representation of the
global aerosol distribution since 2003. It as-
similates 550 nm aerosol optical depth (AOD)
observations from Moderate Resolution Imag-
ing Spectroradiometer (MODIS) into ECMWF’s
numerical weather prediction model extended
to include the sources, sinks, and transport and
conversion processes of several aerosol species
(Benedetti et al. 2009; Morcrette et al. 2009).
Monitoring Atmospheric Composition and Cli-
mate (MACC), the follow-up project of GEMS,

Asroscl Monthly Average (A00)

is currently producing real-time aerosol analyses
and forecasts and a new reanalysis starting in 2003,
both with improved model, emission inventories
and data assimilation system. Total AOD is strongly
constrained by observations over ocean but over land,
the total AOD information is a mix from observa-
tions and model. Total AOD at high latitudes and the
relative distribution between the aerosol species at all
latitudes come largely from the model.

On a global scale, the aerosol distribution up to
September 2009 appears to have been in line with
previous years back to 2003 (Fig. 2.39). The largest
contribution to AOD comes from organic matter,
closely followed by sea salt, then dust and sulfate.
Dust aerosols have a fairly regular annual cycle with
a maximum in the Northern Hemisphere summer.
Organic matter varies with a higher frequency and
more variability, but less amplitude than dust. Sea salt
and black carbon exhibit little variability.

Sea salt aerosols are associated with storms, par-
ticularly in the Southern Ocean (Fig. 2.40). Dust is
lifted by strong winds from bare soils and deserts;
the Sahara, with its dust outflow over the Atlantic, is
most pronounced. Organic matter and black carbon
are dominantly produced by biomass burning at low-
latitudes and to a lesser degree in boreal forests. Even
though black carbon has a relatively low AOD, as the
most absorbing aerosol type, it has a large impact on
atmospheric radiation. The distribution of sulfate
aerosols reflects the anthropogenic emission inven-
tory that was used in the model with rather localized
sources in North America, Europe, India, and China.

3) STRATOSPHERIC OZONE—M. Weber and W. Steinbrecht
The 2009 annual mean anomaly of total column
ozone was generally positive (compared to the 1996 to

— Tokal ——— ¢ DOrganic Matior
— i Sea Salt e = Bk Carbon
03 & Dusi O Suifate Asrsol 7

Fic. 2.39. Global, monthly average optical depth at 550
nm of total aerosols for January 2003-September 2009
and the individual contributions of sea salt, dust, organic
matter, black carbon and sulfate aerosols. Lines: reanalysis.

Symbols: real-time analysis/forecast.
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Fic. 2.40. Distribution of average optical depth at 550 nm in
2003-08 of total aerosols and the individual contributions by total,
sea salt, dust, organic matter, black carbon and sulfate aerosols.

2009 climatological mean) except for a narrow band
in the tropics, a small region over the North Pacific,
and above Antarctica (Plate 2.1). Maximum positive
anomalies of up to about 20 Dobson Units (DU) oc-
curred at northern mid- to high latitudes, from the
North Atlantic to Russia. Positive anomalies were
also observed at similar latitudes in the Southern
Hemisphere. The largest year-to-year variability
is normally observed during winter/spring in each
hemisphere. In February and March 2009 positive
anomalies of over 50 DU were observed over Europe
and Russia and much of the north polar region.
However, a region above the Aleutian peninsula,
characterized by the Aleutian high, associated with
a high tropopause and dynamically reduced column
ozone, experienced a -25 DU anomaly. During Arc-
tic winter an unusually large sudden stratospheric
warming (SSW) event occurred in January 2009 (Fig.
2.9), contributing to a weaker than usual Arctic vortex
and increased ozone transport into high latitudes
(Labitzke and Kunze 2009).

Negative anomalies were observed in the tropics
within a narrow 20° latitude band around the equa-
tor. Interannual modulation of tropical stratospheric
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ozone is dominated by the QBO (see
Section 2b4; Baldwin et al. 2001). Dur-
ing 2009, the QBO phase (stratospheric
equatorial winds near 50 hPa) changed
from west to east. This led to negative to-
tal ozone anomalies in the second half of
2009. The QBO has a periodic signature
in tropical (and extratropical) total ozone
(Fig. 2.41). Plate 2.1 and Fig. 2.41 show
that the 2009 Antarctic ozone hole was
slightly larger than the long-term mean,
comparable to 2007, but not as large as in
2008, or in the record year of 2006.

The trend in the global annual mean
total ozone (Fig. 2.42a) has its main
contribution from changes at midlati-
tudes in both hemispheres (Fig. 2.42b,d),
while tropical ozone (Fig. 2.42c) does not
show a significant trend. The long-term
decrease starting in the 1970s slowed
by the mid-1990s and has since leveled
off in the extratropics. The substantial
minimum in the Northern Hemisphere
in the mid-1990s is due to intensification
of the chlorine induced ozone decline by
the Mount Pinatubo volcanic eruption
and by a series of unusually cold Arctic
winters with reduced ozone transport
and high polar ozone loss (Dhomse et al. 2006). It is
expected that total ozone should recover since strato-
spheric halogen has levelled off and is now declining
(Section 2f1ii). However, other factors, e.g., changes
in the Brewer-Dobson circulation, annular modes
of internal variability, or the 11-year solar cycle also
contribute to decadal changes (Appenzeller et al.
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FiG. 2.41. As for Fig. 2.1 but for total ozone anomalies.
Anomalies are based on the merged GOMEI/SCIA-
MACHY/GOME2 merged total ozone (Weber et al.
2007). Anomalies were calculated from area weighted
monthly mean zonal mean data in 5° latitude steps
after removing the seasonal mean from the period

1996-2009.
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FiG. 2.42. Total ozone time series of ground-based mea-
surements combining Brewer, Dobson, and filter spec-
trometer data (red, Fioletov et al. 2002), the merged
BUV/SBUV/TOMS/OMI (blue, Frith et al. 2004), and
GOMEI/SCIAMACHY/GOME2 (green, Weber et al.
2007) merged data sets in the (a) 60°N-60°N (annual
mean), (b) 30°N-60°N (FMA mean), (c) 20°S-20°N
(annual mean), (d) and 60°S-90°S (ASO mean).

2001; Weber et al. 2003; Orsolini 2004; Yang et al.
2005; Dhomse et al. 2006; Stolarski and Frith 2006;
Vyushin et al. 2007; Harris et al. 2008).

The upper stratospheric ozone is a better diag-
nostic to look for ozone recovery because chlorine
induced chemical ozone changes there are larger
than the changes in column ozone (Newchurch et
al. 2003). Also, atmospheric transports play a lesser
role. Ozone in the upper stratosphere declined sub-
stantially, by 10% to 15%, from the early 1980s to
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the mid-1990s but has since levelled off (Fig. 2.43).
In the last 10 years, the various records show signs
of an increase (Steinbrecht et al. 2009; A. Jones et al.
2009). This long-term behavior of ozone in the upper
stratosphere is in agreement with the earlier large
increase and subsequent decline of the stratospheric
halogen load (Fig. 2.36). Superimposed are quasi-
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Fic. 2.43. Upper stratospheric ozone anomalies from
ground-based stations (lidar, microwave radiometer)
and satellite instruments (SBUV, SAGE, HALOE, GO-
MOS, SCIAMACHY, zonal means within £5° latitude of
the stations). Data are 5-month running mean anoma-
lies (with the 1998 to 2008 climatology subtracted),
averaged from 35 to 45 km altitude (Steinbrecht et al.
2009). Scale is shifted, so that the 1979 all instrument
average (black line) is at zero. Grey underlay: Mean t2¢
standard deviation of model runs from the CCMVal
initiative (Eyring et al. 2006). Black lines at top and
bottom: Proxies for QBO and ll-year solar cycle, i.e.
negative equatorial wind at 10 hPa (http://www.geo.
fu-berlin.de/en/met/ag/strat/produkte/qbo/index.html)
and solar radio flux at A=10.7 cm (http://www.ngdc.
noaa.gov/stp/SOLARY/), respectively. Pink line near bot-
tom: Effective stratospheric chlorine (inverted, from
Newman et al. 2007, age-of-air: 412 years).



biennial and decadal ozone variations, which follow
the QBO and the 11-year solar cycle. In late 2009, the
QBO phase (beginning westerly at 10 hPa, easterly
at 50 hPa, see section 2b4) and the continuing solar
minimum both contributed to low levels of upper-
stratospheric ozone. On the whole, however, the
observed long-term behavior confirms model results
with an ongoing slow recovery of upper stratospheric
ozone expected.

g. Land surface properties

I) ALPINE GLACIERS AND ICE SHEETS—NM. §. Pelto

The World Glacier Monitoring Service (WGMYS)
records of mass balance (difference between accumu-
lation and ablation) and terminus behavior (WGMS
2009; WGMS 2008) provide global indices of alpine
glacier behavior. Mass balance was negative in 2008
for the 18th consecutive year. Preliminary 2009 data
from Austria, Norway, New Zealand, and the United
States indicate it is highly likely that it was the 19th
consecutive year of negative annual balances. The
worldwide retreat of mountain glaciers is one of the
clearest signals of ongoing climate change (Haeberli
and Hoelzel 1995).

Alpine glaciers have been studied for more than
a century (Oerlemans 1994). The retreat of their ter-
mini is a reflection of strongly negative mass balances
over the last 30 years (WGMS 2007) which when
combined with recent rapid retreat has led to some
glaciers disappearing (Pelto 2010).

The cumulative loss of the last 30 years averaged
across 30 WGMS reference glaciers is 11.6 m water
equivalent (w.e.), equivalent to slicing 13 m off the top
of the average glacier (Fig. 2.44). The decadal mean
annual mass balance was -198 mm in the 1980s, -382
mm in the 1990s, and -624 mm for 2000-08 (Fig.
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2.45). The declining trend is remarkably consistent
from region to region (WGMS 2009). A glacier with
a sustained negative balance will retreat. Glacier re-
treat primarily results in the loss of the low-elevation
region of a glacier; this potentially reduces total
ablation, increases mass balance, and reestablishes
equilibrium. Currently, despite sustained negative
mass balance and significant glacier retreat, alpine
glaciers are not approaching equilibrium. If a glacier
experiences significant thinning in the upper regions
during this retreat this is symptomatic of not having
a sufficient accumulation zone to survive the current
climate (Pelto 2010; Paul et al. 2007).

Of 93 Austrian glaciers surveyed in 2009, 85 re-
ceded, 7 were stationary, and 1 advanced with a mean
terminus change rate of -14.3 m, slightly higher than
in 2008. Winter accumulation on Austrian glaciers
was about average and summer loss was above aver-
age due to higher than normal summer temperatures.
The mass balance loss was larger than the decadal
mean 1998-2008; Hintereisferner -1182 mm w.e.,
Kesselwandferner -795 mm w.e., and Jamtalferner
-953 mm w.e. (A. Fischer, personal communication).

Over Switzerland 81 of the 88 glaciers examined
retreated, 2 advanced, and 5 were stable in 2009.
Overall mass balance was negative (Swiss Glacier
Monitoring, personal communication).

Preliminary 2009 results indicate normal accu-
mulation and ablation for Norway (L. Andreasson,
personal communication). Terminus fluctuation data
from 27 glaciers indicates 22 retreating, 3 stable, and
2 advancing with average terminus change of -18 m,
compared to -13 m in 2008.

In the North Cascades, Washington, (Pelto 2010)
the ENSO transition led to negative mass balances
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Fic. 2.44. The mean annual balance reported for the 30 700
reference glaciers to the WGMS (bars) and the cumu-

lative annual balance for the reference glaciers (line).

Fic. 2.45. The decadal mean cumulative specific mass
balance (mm w.e.) for the 30 reference glaciers.
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with all 42 glaciers observed retreating. Winter ac-
cumulation during La Nifla was near normal, but
summer melting as El Nifio began was well above
average leading to substantial negative balances on all
10 glaciers observed, averaging -1930 mm w.e.

In New Zealand, glaciers shrank between April
2008 and March 2009 owing to above normal tem-
peratures and below normal rainfall in both winter
and summer (J. Hendrikx, personal communication).
On 50 glaciers surveyed the average snow line was 95
m above the equilibrium snow line elevation, the sixth
highest in the 33 year record.

Negative anomalies in melting days occurred in
2009 in South and West Greenland, and positive
anomalies in North and East Greenland as derived
from SSM/I brightness temperatures relative to the
1979-2008 average (Tedesco et al. 2008). Melt extent
was 670 000 km?, slightly lower than in 2008. Surveys
of Greenland marine terminating outlet glaciers from
MODIS imagery (]J. Box, personal communication)
indicate that the 34 widest glaciers collectively lost
106.4 km? of ice extent between late summer 2008
and late summer 2009.

A 30-year minimum Antarctic snowmelt occurred
during austral summer 2008/09 according to micro-
wave satellite observations. Strong positive phases
of the SOI and the Southern Hemisphere Annular
Mode were recorded during the months prior to and
including the 2008/09 melt season. Wilkins Ice Shelf
experienced the highest number of melting days
across Antarctica (90 days; Tedesco and Monaghan
2009), ending in the collapse in April 2009 of the last
strip of ice connecting Wilkins
Ice Shelf to Charcot Island.

2) FRACTION OF ABSORBED
PHOTOSYNTHETICALLY Ac-
Tive RabiaTioN (FAPAR)—
N. Gobron, W. Knorr, A. §. Belward,
and B. Pinty

ments composing the canopy and the soil background
brightness (through backscattering processes). In
Plate 2.1 the strongest positive anomalies for 2009,
indicating favorable vegetation growing conditions,
are found in eastern Brazil (Cerrado and Mid-Atlantic
coastal region) and South Africa, while most of the
rest of South America and east Africa exhibit the
strongest negative anomalies. Persistent droughts in
Southern America, East Africa, and Australia (WMO
2010) are clearly manifest in poor vegetation growth
and vigor. The profound nature of the impact of these
droughts is further illustrated in Fig. 2.46, which
provides a seasonal breakdown. Figure 2.46 illustrates
how the Southern Hemisphere contrasts sharply with
the Northern Hemisphere—negative anomalies per-
sist through all seasons in the south, while the north
(especially central North America and western Eu-
rope) fluctuates between the two states. Pronounced
positive anomalies of eastern Brazil are mainly due to
FAPAR changes in the Southern Hemisphere winter
and spring, i.e., the local dry season. The weaker
positive anomaly in southern Africa and the strong
negative anomaly in southeastern South America are
manifest mainly during December 2008-February
2009. This period was characterized by moderate La
Nifa conditions. Southern Africa (South Africa, Bo-
tswana, and Namibia) exhibits statistically significant
negative correlations between SOI (which is positive
during La Nifna) and observed precipitation, while
no known significant teleconnection exists between
ENSO and the South American region (van Olden-
borgh and Burgers 2005).

The state of vegetation has
been monitored using monthly
estimates of the FAPAR from
NASA/SeaWiFS and ESA/
MERIS from 1998 to 2009 (Go-
bron et. al. 2010, manuscript

submitted to Geophys. Res. Lett.)
FAPAR is largely controlled by
Leaf Area Index (which controls
attenuation of radiation) and to

-0.15 -0.10 -0.05 -0.03 002 001 0.00 001 002 003 005 010 0.5
Fraction of Absorbed Photosynthetically Active Radiation (FAPAR)

FiG. 2.46. Maps of seasonal FAPAR Anomalies in 2009. Each panel shows
the anomalies averaged over the Northern Hemisphere: (a) winter (DJF);
(b) spring (MAM); (c) summer (JJA); and (d) fall (SON), respectively.

alesser extent by the absorption
efficiency of the vegetation ele-
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FiGc. 2.47. As for Fig. 2.1 but for monthly zonal
FAPAR anomalies

Figure 2.47 suggests the presence of a negative
trend occurring over the latitude band 30°S to 50°S.
This is apparent in the globally averaged time series
(Fig. 2.48) and strong enough to yield global monthly
negative anomalies for the most recent years. These
negative anomalies have been continuous since 2007
reaching a minimum in May 2009. FAPAR is related
to CO, assimilation by plants. The negative tendency
since records began in 1998 indicates that the efficien-
cy of CO, assimilation, at least as monitored through
the FAPAR proxy of photosynthetic rate, does indeed
appear to be declining (Knorr et al. 2007). Both Figs.
2.47 and 2.48 also show that this trend is not merely a
result of an anomalous year in 1998. Instead, after the
period of FAPAR decline in 2000-03 noted by Knorr
etal. (2007), we find another period of similar decline
since 2007, interrupted by only a moderate recovery
during 2004-07.

3) Biomass BURNING—]. W. Kaiser and ]. G. Goldammer

Vegetation fires (burning of live and dead biomass)
and their impacts are influenced by complex interac-
tions between biosphere, humans, and climate (e.g.,
Bowman et al. 2009). Size, intensity and severity of
fires respond to changes of weather and climate (in-
terannual climate variability and long-term climate
change). The resulting carbon emissions, e.g., 2.0 Pg
C year'-3.2 Pg C year! in 1997-2004 (van der Werf
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FiG. 2.48. Monthly FAPAR anomalies at the global scale

relative to the 1998 to 2009 average.
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et al. 2006), can amount to almost half those from
fossil fuels, i.e., 7.2 Pg C year! in 2000-05 (Alley et
al. 2007). Therefore, fire must be included in any
quantitative model of the global carbon cycle. In
ecosystems where regular fires are part of the natu-
ral cycle, the released carbon is taken up again by
regrowth. If fires result in permanent deforestation
or vegetation degradation, on the other hand, carbon
stocks may be depleted irreversibly (Fargione et al.
2008). The emitted carbon monoxide and ozone also
significantly increase the radiative forcing, while the
net effect of the resulting changes in surface albedo
reduces it (Bowman et al. 2009). The indirect effect
of smoke aerosols is still poorly understood.

The GEMS project and its follow-up MACC
(Hollingsworth et al. 2008) derive retrospective and
real-time biomass burning emissions from satellite-
based observations of Fire Radiative Power (FRP).
This is approximately proportional to the biomass
combustion rate for open fires (Wooster et al. 2005).
Figure 2.49 shows FRP averaged over 2003-08 (a)
and for 2009 (b), with five-degree resolution. These
are derived from the FRP products of the two MODIS
sensors using a cloud cover correction at a resolution
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FiG. 2.49. Global fire distribution of 2003-08 (climatol-

ogy period) (a) and 2009 (b), all in terms average fire
radiative power density (W m2) observed by MODIS.
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of 0.1° and 5 days (Kaiser et al. 2009).
Validation of the data is still ongoing.

The climatology displays the main
burning seasons in Sub-Saharan and
Southern Hemispheric Africa, South
America, the South-East Asian penin-
sula, and Australia. Boreal forest fires
are only of secondary importance for
the global budget. Peat forest fires on
South-East Asian islands and under-
story ground fires are expected to be
underrepresented because they are not
tully visible from space. Fires detected
around the Persian Gulf are flares
from oil production instead of biomass
burning (cf. Schultz 2002).

Globally, the biomass burning rate
of 2009 was the lowest in the short
record. Two-thirds of the global re-

TasLE 2.6. Regional Budgets of Burnt Biomass in terms of
Fire Radiative Power.

rogon | s vt 2009 v | S
Global 132 (125-139) 113 -14
SH Africa 35 (33-36) 34 -1
NH Africa 33 (29-35) 30 -7
C & S America 30 (23-35) 18 -39
SE Asia & Australia 19 (14-23) 18 -1
Northern Asia Il (8-15) 8 -27
N America 5 (4-5) 4 -18
Europe 3(2-4) 3 -1

duction has taken place in South America, where
Brazil has drastically reduced the deforestation in
the Amazon basin (Fig. 2.49/Plate 2.1: see also http://
www.obt.inpe.br/prodes/prodes_1988_2009.htm).
On-site field exploration by the Global Fire Monitor-
ing Center (GFMC) in the Russian Federation also
revealed a significant decrease of wildfires in 2009 as
compared to the early 2000s due to prevailing moist
weather conditions (http://www.fire.uni-freiburg.de/
GFMCnew/2009/10/1014/20091014 _ru.htm). Global
and regional budgets of FRP are listed in Table 2.6.
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3. GLOBAL OCEANS—]. M. Levy, Ed.
a. Overview—/. M. Levy

As the global ocean observing system matures
and climatologies of essential climate variables
grow more robust, observations of anomalous
departures continue to shed light on the evolv-
ing behavior of the coupled ocean-atmosphere
system. Calendar year 2009 was characterized by
the following findings:

« Global SST exhibited several noteworthy
features, including development of the 2009
El Nino in the tropical Pacific, transition
of the Pacific Decadal Oscillation (PDO)
from a two-year persistent negative phase
to a positive phase during the fall/winter
2009, substantial cooling in the mid-latitude
North Atlantic from May 2009 to December
2009, and significant warming in the tropical
Indian Ocean from influences of the 2009
El Nifo.

o During the latest El Nifio a considerable
build up of heat was observed in the upper
equatorial Pacific Ocean. Global integrals of
upper-ocean heat content for the last several
years have reached values consistently higher
than for all prior times in the record, demon-
strating the dominant role of the oceans in
the Earth’s energy budget.

e Ocean heat fluxes played a dual role in the
dynamics of large-scale SST anomalies.
Heat fluxes generated SST anomalies in
some regions (such as in the North Atlantic
and the tropical Indian Oceans) while acting
to dampen SST anomalies that had already
been generated in other regions (such as in
the tropical and extratropical Pacific).

o The surface of the western equatorial Pa-
cific freshened considerably from 2008 to
2009, at least partially owing to an eastward
spreading of the western equatorial fresh
pool along the equator during this latest El
Nino. Outside the more variable tropics, the
anomalously salty surface values of salin-
ity in climatologically drier locations and
anomalously fresh values in rainier locations
observed since 2004 generally persisted into
2009, suggesting an increase in the hydro-
logical cycle consistent with climate model
predictions for global warming scenarios.

o Verystrong eastward surface current anoma-
lies were seen across the equatorial Pacific,
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associated with the El Nifo event of 2009. Such
current anomalies typically lead eastern Pacific
SST anomalies by several months. By the last
two months of 2009, the anomalies had reached
values similar to the 2002 EI Nifo, exceeded
during the altimetry age (1993-present) only by
the 1997/98 El Nifio.

o Unusually low Florida Current transports were
observed in May and June of 2009, a time of
year that transport is typically high. This low-
transport event was linked to unusually high sea
level and coastal flooding along the east coast of
the United States in the summer of 2009.

o Sea level variations during 2009 were strongly
affected by the transition from La Nifa to El
Nifio conditions, especially in the tropical Indo-
Pacific. Globally, variations about the long-term
trend also appear to have been influenced by
ENSO, with a slight reduction in global mean
sea level during the 2007/08 La Nifia event, and
a return to the long-term trend and perhaps
slightly higher values during the latter part of
2009 and the current El Nifio event.

+  The global ocean CO, uptake flux for 2008, the
most recent year for which analyzed data are
available, is estimated to have been 1.23 Pg C
yrl, which is 0.25 Pg C yr! smaller than the long-
term average. This lower uptake is significant
when compared to the 1o interannual variability
estimate of +0.14 Pg C yr! for the whole 27-year
record. The total global ocean inventory of an-
thropogenic carbon stored in the ocean interior
as 0of 2008 is 151 Pg C. This estimate suggests a 33
Pg Cincrease in inventory since 1994, reflecting
uptake and storage of anthropogenic CO, at rates
of 2.0 and 2.3 £0.6 Pg C yr'! for the decades of
the 1990s and 2000s, respectively.

o The downward trend in global chlorophyll ob-
served since 1999 has continued through 2009,
with current chlorophyll stocks in the central
stratified oceans now approaching record lows
since 1997.

b. Sea surface temperatures—Y. Xue, R. W. Reynolds, and

V. Banzon

The unique features in the global SST in 2009
include (1) the development of the 2009/10 El Nifio
in the tropical Pacific, (2) the transition of the PDO
from a 2-year persistent negative phase to a positive
phase during the fall/winter 2009, (3) a significant
warming in the tropical Indian Ocean, and (4) a
substantial cooling in the mid-latitude North Atlan-
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FiGc. 3.1. (a) Yearly mean SSTAs in 2009 and (b) SSTA
differences between 2009 and 2008. SSTs are the
monthly fields interpolated from the weekly 1° OISST
of Reynolds et al. (2002). All anomalies are defined as
departures from the 1971-2000 climatology (Xue et
al. 2003).

tic. We used the Optimal Interpolation SST version
2 (OISST v.2), which is a weekly analysis on a one-
degree grid derived by combining in situ and satellite
observations for the period of November 1981 to pres-
ent (Reynolds et al. 2002). To put the 2009 SST in a
historical perspective, we also analyzed the Extended
Reconstructed SST version 3b (ERSST.v3b), which
is a monthly merged land-ocean
surface temperature analysis on a
two-degree grid for the period of
1854 to present (Smith et al. 2008).
SST anomalies (SSTA) are defined
as departures from the 1971 to 2000
climatology described by Xue et al.
(2003).

The yearly mean SSTA in 2009
is characterized by overall positive
SSTA in all the tropical oceans,
and negative SSTA south of 40°S.
The 2009 SSTA has a negative PDO

pattern in the North Pacific, and a 50E 100E 150E 160E 110W 60W 10W

tripole pattern in the North Atlan-
tic (Fig. 3.1a). The 2009 minus 2008

SSTA differences show signatures Fic. 3.2 . Seasonal mean SSTAs (°C) for (a) December 2008 to February
of the development of the 2009/10 2009, (b) March to May 2009, (c) June to August 2009 and (d) September
El Nifio and the transition of the te November 2009. SSTs are the monthly fields interpolated from the
weekly 1° OISST of Reynolds et al. (2002). All anomalies are defined as
departures from the 1971-2000 climatology (Xue et al. 2003).

PDO from a negative to positive
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phase (Fig. 3.1b). It also indicates a substantial warm-
ing in the tropical Indian Ocean and a cooling in
the equatorial Atlantic and the mid-latitude North
Atlantic.

The 2009/10 El Nifio was preceded by weak La
Nifa conditions during the winter 2008/09 (Fig.
3.2a). The tropical Pacific returned to near-normal
conditions during boreal spring (Fig. 3.2b), and
transitioned into weak El Nifio conditions (Nifi03.4
> 0.5°C) during boreal summer (Fig. 3.2¢). The June-
July-August seasonal mean SSTA was about +1.2°C
in the far eastern equatorial Pacific. It is noteworthy
that there were two additional SSTA maxima of
about +0.9°C, one in the subtropical northwestern
Pacific that might be related to the positive SSTA
in the central North Pacific, and another one in the
northeastern Pacific near the coast of Mexico. The
positive SSTA in the central-eastern equatorial Pacific
strengthened rapidly in October-November 2009,
and the 3-month-running mean Nifio3.4 (170°W-
120°W, 5°N-5°S) SST was about 1°C above-normal
in September—-November 2009, indicating a moderate
strength of El1 Nifo (Fig. 3.2d). At the same time, the
positive SSTA in the subtropical northwestern Pacific
weakened rapidly. It is interesting to note that the
positive SSTA in the northeastern tropical Pacific per-
sisted while that in the southeastern tropical Pacific
dissipated quickly and switched into negative SSTA
in boreal fall. The El Nifio reached a peak phase dur-
ing December 2009, and the SSTA pattern in January
2010 falls into the category of the central-Pacific event
or Modoki event (Ashok et al. 2007) in which the larg-
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est warming is centered near the date line. Since June
2009 there have been four episodes of downwelling
oceanic Kelvin waves associated with westerly wind
burst events, which are believed to contribute to the
maintenance and strengthening of the 2009/10 El
Nifio (see “Monthly Ocean Briefing” slides from the
Climate Prediction Center (CPC), NCEP, at http://
www.cpc.ncep.noaa.gov/products/ GODAS).

The SSTA in the North Pacific was dominated by a
negative PDO pattern during the winter 2008/09 and
spring 2009, characterized by a horseshoe pattern of
positive SSTA extending from the equatorial western
Pacific to the mid-latitudes in both hemispheres and
negative SSTA extending along the west coast of
North America (Fig. 3.2a and Fig. 3.2b). Consistent
with the negative PDO phase, upwelling along the
west coast of North America was mostly above-nor-
mal during the winter 2008/09 and spring 2009 (see
the CPC “Monthly Ocean Briefing” referred to above).
During summer 2009, the PDO phase returned
to near-normal (see the PDO index at http://jisao.
washington.edu/pdo, Mantua et al. 1997) and El Nifio
conditions developed in the tropical Pacific (Fig. 3.2¢).
During fall 2009, the El Nifio conditions intensified,
while the PDO phase remained near-normal. Note
that the PDO phase became weakly above-normal
in January 2010, indicating that atmospheric telecon-
nections from the EI Nifio started to influence SST in

North Pacific.
04

3.3¢). The section in this chapter on “Global Ocean
Heat Fluxes” (Yu and Weller 2007), suggests that the
basin-wide warming in the tropical Indian Ocean
from July to December 2009 can be largely attributed
to decrease of latent and sensible heat fluxes due to
weakened trade winds from influences of the 2009
El Nino. Figure 3.3c also suggests that the tropical
Indian Ocean SST usually warms up significantly in
the years following El Niio, e.g., in 1998, 1987, and
1983. The warming in 2009 is somewhat unusual in
the sense that it occurred during the El Nifio year,
rather than in the year after El Nifio.

The historical perspective of the 2009 SSTA has
been shown separately for the (a) global ocean, (b)
tropical Indian, (c) tropical Pacific, (d) North Pacific,
(e) tropical Atlantic, and (f) North Atlantic in Fig.
3.3. For the global ocean, the SSTA increased from
0.15°C in 2008 to 0.25°C in 2009, and became the
fourth warmest year behind 1998, 2003, and 2005,
the top three warmest years since 1950 (Fig. 3.3a).
The five year running mean of the yearly-mean time
series of global SSTA shows that SSTs have trended
downward since 2003. However, the downward trend
is punctuated by the two consecutive La Nifias in 2007
and 2008, which lowered the global mean SST. For the
tropical Pacific, the SSTA increased from 0.08°C in
2008 to 0.34°C in 2009, and also became the fourth
warmest year behind 1997, 2004, and 2002 since 1950

The tropical Indian Ocean
SSTA increased substantially
from 2008 to 2009. Figure 3.1a  °
shows that the yearly mean SSTA ~ 02¢
in 2009 was about +0.3°C (+0.6 04

02

05
d 03
0
03]

°C) in the central-eastern (west- .

50 55 60 85 VO 7B

ern and southwestern) tropical
Indian Ocean. The 2009 minus
2008 SSTA differences indicate
that SSTA increased by more than

a3

0.6°C in the western and south-

eastern tropical Indian Ocean
(Fig. 3.1b). As a result, 2009 be-
came the second warmest year in
the tropical Indian Ocean behind
1998 when the record warming

occurred, which is seen from the
basin mean yearly SSTA indices
derived from ERSST.v3b for 1950-
2009 (Fig. 3.3b). The increase in
the tropical Indian Ocean SST is
clearly associated with that in the
tropical Pacific Ocean SST (Fig.
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FiG. 3.3. Yearly mean SSTAs (°C) (dots) averaged in the (a) global ocean,
(b) tropical Indian (30°S-30°N), (c) tropical Pacific (30°S-30°N), (d) North
Pacific (120°E-110°W, 30°N-60°N), (e) tropical Atlantic (30°S-30°N), (e)
North Atlantic (80°W=-0° 30°N-60°N) in 1950-2009. Black lines are the
five-year running means of the yearly mean SSTAs. SSTs are the Extended
Reconstructed SST version 3b of Smith et al. (2008). All anomalies are
defined as departures from the 1971-2000 climatology (Xue et al. 2003).
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(Fig. 3.3¢). It is interesting that the tropical Atlantic
SSTA peaked in 2003 and has decreased slowly since
then (Fig. 3.3e). The North Pacific SST changed little
from 2008 to 2009 and has been persistently above-
normal since 1990 (Fig. 3.3d). The North Atlantic
SSTA decreased from 0.6°C in 2008 to 0.38°C in 2009
and became the coolest year since 2002 (Fig. 3.3f).
The substantial cooling in the mid-latitude North
Atlantic in 2009 is further analyzed here. In Fig. 3.4,
we show the evolution of the zonal average SSTA in
the North Atlantic along with the CPC North Atlantic
Oscillation index and the zonal average LHF+SHF
(latent and sensible heat flux) anomalies based on
the Objectively Analyzed air-sea Fluxes (OAFlux)
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FiG. 3.4. (a) Monthly standardized NAO index derived
from monthly standardized 500-mb height anomalies
obtained from the NCEP CDAS in 20°N-90°N (http://
www.cpc.ncep.noaa.gov). Time-latitude sections of (b)
SSTA and (c) LHF+SHF (latent and sensible heat flux)
anomalies (upward positive) averaged between 80°W
and 20°W. SSTs are the monthly fields interpolated
from the weekly 1° OISST of Reynolds et al. (2002),
and anomalies are defined as departures from the
1971-2000 climatology (Xue et al., 2003). LHF+SHF
are the Objectively Analyzed air-sea Fluxes (OAFlux)
(Yu and Weller 2007), and anomalies are defined as
departures from the 1988-2008 climatology (personal
communication with Dr. Lisan Yu).
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project during November 2008-December 2009 (Yu
and Weller 2007; http://oaflux.whoi.edu). During the
early winter 2008/09, positive SSTA of about +1.5°C
were present in the North Atlantic at 40°N-50°N, and
SSTA of about +0.6°C in the tropical North Atlantic
(TNA, hereafter) at 5°N-15°N. The two maxima of
positive SSTA suddenly weakened during January
2009, which coincided with the sudden increase of
LHF+SHF at 40°N-60°N and 0°-20°N. The positive
LHF+SHF anomalies in the TNA persisted from
January 2009 into February 2009, while those in
middle-high latitudes propagated southward into
the subtropics, contributing to the SST cooling in
the TNA in February 2009. The middle-latitude SST
turther decreased and became negative in May 2009,
probably forced by the positive LHF+SHF anomalies
in April-May 2009. The three subsequent cooling
episodes of SST that occurred during September, No-
vember, and December 2009 correspond well with the
three maxima of positive LHF+SHF anomalies. The
persistence of the negative SSTA from May 2009 to
January 2010 can probably be attributed to the nega-
tive North Atlantic Oscillation (NAO) phases during
June, July, October, and December 2009, which often
cool the SST in middle latitudes and warm the SST in
high latitudes and subtropics (Deser and Blackmon
1993), referred to as a negative SST dipole pattern
here. The coincidence between negative NAO phases
and negative SST dipole patterns seems to support
the hypothesis that air-sea coupling plays a signifi-
cant role in the seasonal variability of the NAO and
North Atlantic SST (Czaja and Frankignoul 2002).
It is also noted that the positive SSTA persisted and
shifted southward, which is also consistent with the
tripole SST pattern forced by the NAO. Therefore, the
development of the positive SSTA in the TNA dur-
ing summer can probably be attributed to the strong
negative NAO during summer and the subsequent
maintenance and enhancement of the TNA SST
during fall/winter is likely due to the negative NAO
during fall/winter.

¢. Ocean heat content—G. C. Johnson, |. M. Lyman, |. K. Willis,
. Levitus, T. Boyer, |. Antonov, M. D. Palmer, and . A. Good
Storage and transport of heat in the ocean are
central to aspects of climate such as El Nifo (Zebiak
1989), the North Atlantic Oscillation (Curry and Mc-
Cartney 2001), hurricanes (Mainelli et al. 2008), sea
level rise (Domingues et al. 2008), the global energy
budget (Trenberth 2009), and constraining global
warming scenarios (Knutti and Tomassini 2008). The
accompanying sidebar gives additional perspective.



We begin by discussing an estimate of upper-ocean
(0-750 m) heat content anomaly (OHCA) for the peri-
od 1 January-31 December 2009 (Fig. 3.5a) computed
from a combination of in situ ocean temperature
data (World Ocean Database 2009 - Johnson et al.
2009a and Argo - Roemmich et al. 2009) and satel-
lite altimetry data following Willis et al. (2004) but
relative to a 1993-2009 baseline (the altimetry time
period), hereafter the combined estimate. We also
discuss changes in the combined estimate between
2009 and 2008 (Fig. 3.5b), as well as maps of the linear
trend of the combined estimate from 1993-2009 and
its statistical significance (Fig. 3.6). Finally, we present
three different time series of global integrals of in situ
only estimates of upper OHCA (Fig. 3.7).

In recent years many of the globally distributed
in situ subsurface ocean temperature data are from
Argo. Data from Argo floats with the potential for
as yet uncorrected systematic pressure biases (http://
www.argo.ucsd.edu/Acpres_drift_apex.html) have
been removed from the combined estimate. In ad-
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Fic. 3.5. (a) Combined satellite altimeter and in situ
ocean temperature data estimate of upper (0-750 m)
ocean heat content anomaly OHCA (10? ] m*2) for 2009
analyzed following Willis et al. (2004), but relative to
a 1993-2009 baseline. (b) The difference of 2009 and
2008 combined estimates of OHCA expressed as a
local surface heat flux equivalent (W m-2). For panel
comparisons, note that 95 W m2 applied over one year
results in a 3 x 10° ) m2 change of OHCA.
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dition, annual estimates of XBT fall rate corrections
have been applied for deep and shallow probe data
using Table 2 of Wijtfels et al. (2008) but with no XBT
data used after 2005. Details of all the fields analyzed
here may change after more Argo real-time data are
subject to delayed-mode scientific quality control, as
more data are reported, and as XBT and MBT cor-
rections improve.

The combined estimate of OHCA in 2009 (Fig.
3.5a) shows eddy and meander variability down to
the 100-km mapping scales, as does, to a greater
extent, the difference of the 2009 and 2008 com-
bined estimates (Fig. 3.5b). Strong small-scale spatial
variability in OHCA fields is associated with the
western boundary currents in every gyre, as well as
the Antarctic Circumpolar Current (Fig. 3.5b). The
difference in the combined estimates between 2009
and 2008 (Fig. 3.5b) illustrates the large year-to-year
variability in ocean heat storage. Of course internal
ocean dynamics, such as advection and heave, cer-
tainly play a significant role in many of these changes
but for purposes of comparison only, they reach
or exceed the equivalent of a 95 W m? magnitude
surface flux applied over one year (~3 x 10° ] m™).
Upper OHCA, deep variability, freshwater, and mass
signals all contribute to sea level anomalies. Despite
this, there are many large-scale visual similarities
between the combined estimate (Fig. 3.5a) and sea
level (Fig. 3.22 top) fields in 2009, even relative to their
differing baseline periods. This similarity shows the
large contribution of heat content variations to sea
level variations.

Large-scale patterns are evident in the combined
estimate of OHCA for 2009 (Fig. 3.5a) and its dif-
ference from 2008 (Fig. 3.5b). The equatorial Pacific
gained heat during the El Nifio that commenced this
year (see also Fig. 4.7) as did the off-equatorial cen-
tral and eastern tropical Pacific. Despite declines in
OHCA in the western tropical Pacific (excepting the
Coral Sea that gained heat since 2008), OHCA there
remains well above the mean. While the annual av-
eraging period presented here is too long for detailed
study of the ocean advection of heat associated with
ENSO dynamics (but see Chapter 4), certainly those
processes contribute to the change on the equator and
perhaps those in the off-equatorial regions (Zebiak
1989).

The North Pacific shows high OHCA in its center
in 2009, with low OHCA to the south, off the west
coast of North America and into the eastern Bering
Sea (Fig. 3.5a). This pattern is consonant with a nega-
tive Pacific Decadal Oscillation index (Mantua et al.
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Fic. 3.6. (a) Linear trend from 1993 to 2009 of the
combined satellite altimeter and in situ ocean tem-
perature data estimate of upper (0-750 m) ocean heat
content anomaly OHCA (W m?) analyzed following
Willis et al. (2004). (b) Ratio of the linear trend to its
95% uncertainty estimate, with colored areas showing
regions with statistically significant trends, and grey
areas those without.

1997) from late 2007 through mid 2009. The band of
high OHCA along 35-50°S in the South Pacific (Fig.
3.5a) appears to have steadily migrated south from
tropical latitudes since 2006 (Arguez 2007; Levinson
and Lawrimore 2008; Peterson and Baringer 2009).

The Indian Ocean is mostly warmer than the base-
line in 2009 (Fig. 3.5a). The northern Arabian Sea and
the Indian Ocean west of the Indonesian Seas gained
heat between 2008 and 2009 (Fig. 3.5b) and stand out
as warmer than the rest of the region in 2009.

In the Subpolar North Atlantic, the Labrador and
Irminger Seas, which cooled between 2007 and 2008
(Peterson and Baringer 2009) continued to cool be-
tween 2008 and 2009 (Fig. 3.5b), so OHCA values in
these areas are now below the 1993-2009 mean (Fig.
3.5a). This change is consonant with a return of deep
wintertime convection in this region during early
2008 (Vage et al. 2009) and the associated export of
heat from ocean to atmosphere. The continued high
OHCA values in the eastern subpolar North Atlantic
(Fig. 3.5a) suggest that subtropical influences are still

§58 | BAMS juLr 2010

strong there, consistent with anomalously salty sur-
face conditions in that region in 2009 (Fig. 3.13a). The
subtropical and tropical Atlantic in both hemispheres
remains slightly warmer than the mean, with little
change from 2008 to 2009.

Near the Antarctic Circumpolar Current, OHCA
is highly variable (Fig. 3.5a), but appears anomalously
warm around the globe, consistent with recent stud-
ies (Boning et al. 2008), except perhaps in the eastern
Pacific. Western boundary current extensions in the
North Pacific and both hemispheres of the Atlantic
are energetic, with large year-to-year changes (Fig.
3.5b).

A few very distinct (Fig. 3.6a) and statistically
significant (Fig. 3.6b) regional patterns in the Pacific
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FiGc. 3.7. Time series of annual average global integrals
of in situ estimates of upper (0-700 m) OHCA (102!},
or ZJ) for 1993-2009 with standard errors of the mean.
Error estimates displayed do not contain uncertainties
due to differences in climatology, treatment of the
seasonal cycle, mapping methods, instrument bias
corrections, or quality control. The NODC estimate
follows Levitus et al. (2009). The PMEL/JIMAR estimate
is a weighted integral with sampling errors (Lyman and
Johnson 2008) using Argo and WOD 2009 (Johnson
et al. 2009a) data relative to a 1993-2002 climatol-
ogy with the Wijffels et al. (2008) Table 2 XBT bias
adjustments applied and no XBT data after 2005. The
Hadley estimate applies XBT bias adjustments from
Table | of Wijffels et al. (2008) to the EN3 dataset
(Ingleby and Huddleston 2007; www.metoffice.gov.
uk/hadobs) relative to a 1993-2002 climatology and is
computed from estimates of monthly OHCA follow-
ing Palmer et al. (2007) and Palmer and Brohan (2010,
manuscript submitted to Int. J. Climatol.) with error
estimate methodology similar to Rayner et al. (2006)
but adding uncertainty in the XBT bias correction.
For comparison, the NODC estimate has been offset
relative to its 1993-2002 mean, the climatology time
period for the other estimates.



and Atlantic Ocean stand out in the 1993-2009 local
linear trends of OHCA. In the Atlantic Ocean, the
Labrador, Irminger, and Greenland-Iceland-Norwe-
gian Seas have all trended warmer over the interval,
reflecting a robust regional warming trend over the
longer time period (Fig. 3.6a) that has not been over-
come by the recent cooling there (Fig. 3.5a) in the last
few years. These changes are related to variations the
NAO index. In addition, the eastern portions of the
Atlantic trends warmer across both hemispheres. As
in the 2009 OHCA map, areas of warming appear
more widespread than areas of cooling.

The statistically significant (Fig. 3.6b) 1993-2009
regional trends in the Pacific Ocean (Fig. 3.6a) are
of warming in the western tropical Pacific and off-
equatorial cooling in the east, consistent with general
strengthening of the subtropical-tropical circulation
in the past two decades (McPhaden and Zhang 2004).
The statistically significant warming in the central
North Pacific and cooling south of Alaska and off
the west coast of North America are also consistent
with an overall downward trend in the PDO index
(Mantua et al. 1997) from 1993 to 2009.

Three different upper ocean estimates (0-700 m)
of globally integrated in situ OHCA (Fig. 3.7) reveal
a large increase in global integrals of that quantity
since 1993. The interannual details of the time series
differ for a variety of reasons including differences

in climatology, treatment of the seasonal cycle, map-
ping methods, instrument bias corrections, quality
control, and other factors. Most of these factors are
not taken into account in the displayed uncertainties,
so while the error bars shown do not always overlap
among the three estimates, these estimates are not
necessarily statistically different from each other
because the error bars are likely unrealistically small.
Even so, errors are too large to obtain reliable trends
over a few years. However, the three curves all agree
on a significant decadal warming of the upper ocean
since 1993, accounting for a large portion of the global
energy imbalance over this time period (Trenberth
2009), and the three sets of maps (not shown) from
which the curves are produced show similar large-
scale features.

d. Global ocean heat fluxes—L. Yu and R. A. Weller

Most of incoming solar energy absorbed by
Earth is absorbed at the top ocean layer, but not all
the absorbed heat is stored and transported by the
oceans. Over 80% of the heat is released back to the
atmosphere by two heat exchange processes at the
air-sea interface: evaporation that releases latent heat
and conduction, and convection that releases sensible
heat. The amount of heat being exchanged is called
heat flux. Latent and sensible heat fluxes from the
oceans are significant energy sources for global atmo-

RECENT ADVANCES IN OUR UNDERSTANDING OF GLOBAL

OCEAN HEAT CONTENT—M. D. PALMER, K. HAINES AND J. M. LYMAN

Quantifying and understanding changes in global and regional ocean heat content (OHC) are of fundamental importance to
climate science. The long-term increase in OHC has an important contribution to sea level rise (Antonov et al. 2002, 2005;
Domingues et al. 2008), reflects a first-order estimate of Earth’s radiation balance (Levitus et al. 2005; Murphy et al. 2009), and
provides a powerful constraint on model projections of future surface temperature rise (Knutti and Tomassini 2008). Here we
review some of the major progress made in OHC research since publication of the IPCC Fourth Assessment Report (AR4)
(Fig. 3.8).

The first major advance is the quantification of a time-varying warm bias in the expendable bathythermograph data (XBT),
which constitute a large fraction of the historical subsurface temperature observations (Gouretski and Koltermann 2007). This
warm bias, in combination with a small number of faulty Argo floats, was responsible for the spurious cooling seen in the AR4
15 results over the period 2003-05 (Fig. 3.8; Willis et al. 2007). We note
that since profiling floats are still a relatively new technology, there may

10
Continues on next page

FiG. 3.8. The IPCC AR4 estimates of annual ocean heat content
anomaly (1022 )) for the 0-700 m layer. The black curve is updated
from Levitus et al. (2005), with the shading representing the
90% confidence interval. The red and green curves are updates
of the analyses by Ishii et al. (2006) and Willis et al. (2004, over
0-750 m) respectively, with the error bars denoting the 90%
confidence interval. Anomalies are computed relative to the
1961-90 average. Figure reproduced from Bindoff et al. (2007).
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cont' RECENT ADVANCES IN OUR UNDERSTANDING OF GLOBAL

OCEAN HEAT CONTENT—M. D. PALMER, K. HAINES AND J. M. LYMAN

be some unresolved biases in the Argo data. Several groups have estimated XBT bias corrections and computed OHC time-
series —a marked increase in OHC work since the AR4. These new XBT-corrected OHC time series (Fig. 3.9) show a reduction
in the decadal variability compared to the AR4 results (Fig. 3.8), improving agreement with coupled climate model simulations
(Domingues et al. 2008). However, there are still considerable differences in interannual variability among the XBT-corrected
curves that require further investigation. The impact of XBT corrections on the long-term trend varies (Wijffels et al. 2008;
Ishii and Kimoto 2009; Levitus et al. 2009; Gouretski and Reseghetti 2010), but all the time series show an underlying rise in
OHC consistent with our understanding of anthropogenic climate change.

The limited historical ocean sampling (AchutaRao et al. 2006) has motivated a novel approach to understanding the observed
changes in OHC from a more mechanistic point of view. Palmer et al. (2007) have evaluated the ocean warming signal relative
to fixed isotherms. This approach seeks to separate the influence of air-sea heat flux and ocean circulation in observed OHC
change by measuring the average temperature above an isotherm and isotherm depth, respectively (Palmer and Haines 2009).

The average temperature above isotherms
is also immune to one known contributor
20 to XBT bias, namely fall rate errors (e.g.,
Wijffels et al. 2008). By isolating the air-sea
heat flux signal of ocean warming, the iso-
therm methodology has enabled the separate
—— Palmer et al, (2007) detection and attribution of volcanic and
_— ?'.:',:,Lguﬂ:":,";I.'»fgg.' //W anthropogenic greenhouse gas forcings in
= Eful"::-’:;rl ::'I'II!_E{}:.’;JEI?“C‘I' (submitted) the ocean temperature record for the first
Ishii and Kimato (2008) e time (Palmer et al. 2009). However, due to
Lf’llh:';;';l’:’;::':l‘ (2008) iy the inherent spatial limitations, this method
)\[\ y does not directly address the global energy
budget.

YA The deployment of the Argo array of
autonomous profiling floats over the last
decade has revolutionized our ability to
observe the deeper ocean (Roemmich et al.
2009). There are currently over 3000 active
floats measuring temperature and salinity
over the upper 2000 m every 10 days. Argo
=10 is already providing a uniformly sampled
1955 19680 1965 1970 1975 1980 1985 1990 1995 2000 2005 baseline for assessing past OHC changes
Year (Lyman and Johnson 2008). A sustained Argo
promises to give the detailed information on
upper ocean warming that is critical to un-
derstanding the rates of global and regional
climate change and for testing and improving
climate models (Barnett et al. 2005). Argo
data will also provide the key to initializing
climate models to make better seasonal to
decadal predictions in the future (Smith et

al. 2007).

The XBT-corrected OHC curves level off after 2003 (Fig. 3.9, see also Fig 3.7). Knight et al. (2009) noted a recent slow-
ing of observed sea surface temperature rise at around the same time. However, sea level rise has continued at around 2 mm
yr! since 2003 (Leuliette and Miller 2009; see also section 3h). Recent work suggests that the reduction in ocean thermal
expansion over this period was partly offset by an increase in oceanic mass gain from melting terrestrial ice (Cazanave et al.
2009). Trenberth et al. (2010, see also Trenberth and Fasullo 2010) point out that melting of ice requires at least an order of
magnitude less energy per unit sea level rise than ocean thermal expansion. Assuming that the top-of-atmosphere radiation
balance of approximately 0.9 W m2 has remained constant in recent years, an emerging issue is “where has this excess energy
gone since 2003?” Deep ocean warming may account for some of the missing energy (Johnson and Doney 2006; Johnson et al.
2007; Johnson et al. 2008a). Only with a truly global ocean observing system can we close fully the global energy and sea level
budgets, so we must improve our observations of the ocean below 2000 m where Argo floats currently do not reach.

s
h

=y
o

Heat Content Change (10%2J)
n

Fic. 3.9. XBT corrected estimates of annual ocean heat content anom-
aly (1022 )) for the 0-700 m layer. Differences among the time series
arise from: input data; quality control procedure; gridding and infilling
methodology (what assumptions are made in areas of missing data);
bias correction methodology; and choice of reference climatology.
Anomalies are computed relative to the 1955-2002 average. Figure
reproduced from Palmer et al. (2010).

$60 | BAMS juLy 2010



spheric circulation, and their changes on short- and
long-term timescales have important implications for
global weather and climate patterns (e.g., Emanuel
1986; Cayan 1992; Frankignoul et al. 1998).

Global estimates of daily ocean latent and sensible
heat fluxes on one-degree spatial resolution are being
routinely produced by the OAFlux project at Woods
Hole Oceanographic Institution (Yu and Weller
2007). The computation of the OAFlux products
uses the state-of-the-art bulk flux algorithm version
3.0 developed from the Coupled Ocean-Atmosphere
Response Experiment (COARE) (Fairall et al.
2003), with input surface meteorological variables
determined from an optimal blending of satellite
retrievals (e.g., Special Sensor Microwave Imager
(SSMI), QuikSCAT, Advanced Very High Resolution
Radiometer (AVHRR), and Advanced Microwave
Scanning Radiometer for EOS (AMSR-E) and the
surface meteorology from reanalysis/forecast mod-
els of National Centers for Environment Prediction
(NCEP) and the European Center for Medium range
Weather Forecasting (ECMWFE).

The global latent plus sensible heat fluxes
(LHF+SHF) in 2009 (Fig. 3.10a) show that, on the
annual-mean basis, the largest ocean heat losses
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FiG. 3.10. (@) Annual mean latent plus sensible heat flux-
es in 2009. The sign is defined as upward (downward)
positive (negative). (b) Differences between the 2009
and 2008 annual mean latent plus sensible heat fluxes.
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occur over the regions that are associated with ma-
jor western boundary currents (WBCs) and their
extensions, such as the Kuroshio off Japan, the Gulf
Stream off the United States, the Agulhas current off
the African coast, the Falkland/Brazilian Current off
South America, and the Eastern Australian Current.
Magnitude of annual mean LHF+SHF in these regions
exceeds 250 W m2, produced largely during the fall-
to-winter seasons by strong winds and cold and dry
air masses coming from the lands. The second larg-
est heat loss (~180 W m?) is located over the broad
subtropical southern Indian Ocean, where the large
air-sea heat exchange is sustained primarily by the
strong southeast trade winds in the monsoon months
June—September. The spatial distribution of the mean
global LHF+SHF field depicts a close relationship of
LHF+SHF to SST and winds.

The 2009-minus-2008 difference plot of LHF+SHF
(Fig. 3.10b) shows coordinated basin-scale variability
with magnitude of change of the order of +50 W m.
One such large-scale change occurred in the tropical
Pacific Ocean in association with an evolving warm
phase of the ENSO phenomenon. During an El Nifio,
the sea surface is anomalously warm in the central
and eastern equatorial basin and anomalously cool in
the western basin (Fig. 3.1). The change in SST af-
fects the near surface humidities, because saturation
specific humidity goes up with temperature, and the
change in sea-air humidity contrast affects latent heat
flux. Hence, latent heat increased over the warm SST
anomalies in the east and reduced over the cool SST
anomalies in the west. The larger latent heat released
from the warmer ocean surface acts to damp the posi-
tive SST anomalies, suggesting that the ocean heat
flux is a key control on the persistence and amplitude
of SST anomalies. Variability of ocean heat fluxes in
the tropical Pacific on ENSO time scales is a dominant
interannual signal (e.g., Yu and Weller 2007), and the
ocean heat flux acts as a damping mechanism that
regulates the growth of ENSO SST.

ENSO has far-reaching effects on global climate,
and one such example is clearly demonstrated in the
tropical Indian Ocean. Positive SST anomalies started
to develop in the tropical Indian Ocean (1I0) north of
15°S in summer 2009 after the El Nifio conditions
were fully established in the Pacific. The SSTs were
elevated by more than 0.5°C from July to December
2009 (Fig. 3.11a). However, the basin-wide LHF re-
duced when the sea surface was warmer (Fig. 3.11b),
which is in sharp contrast to the LHF increase over
the warmer eastern tropical Pacific. Weaker LHF
means less heat loss at the sea surface, whose effect
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is to cause SST to rise if oceanic processes (e.g.,
mixing and advection) do not dominate. The weaker
LHF was induced primarily by the weaker trade
winds associated with the weakening of the Walker
Circulation during El Niflo, similar to the previous
ENSO-induced 10 warm events (Yu and Rienecker
2000). In this case, the impact of ocean heat flux was
to force, not to damp, the SST anomalies.

For the Pacific Ocean, the SST 2009-minus-2008
difference map has a pattern resembling the warm
phase of PDO: there is a horseshoe shaped region of
negative difference anomalies surrounding a core of
warmer difference anomalies to the east. The pattern
suggests that the PDO phase became less negative
in 2009. Indeed, the negative phase that started in
September 2007 began to taper off in the first half
0f 2009 (http://jisao.washington.edu/pdo/PDO . latest)
and since July 2009, the PDO index was mostly posi-
tive because of the El Nifio event developing in the
equatorial region during fall and winter 2009/10. The
2009-minus-2008 difference map of LHF+SHF (Fig.
3.10b) has a pattern in broad agreement with that of
SST (Fig. 3.1), because the ocean heat flux responded
to the SST anomalies and acted as damping to sup-
press the growth of SST anomalies.

Unlike the Pacific where the correlation between
SST and LHF+SHF difference anomalies is positive,
the correlation between the pair is negative in the At-
lantic. For instance, the 2009 SSTs in the Atlantic were
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FiG. 3.11. (a) SST differences between December 2009
and July 2009 in the tropical Indo-Pacific Oceans. (b)
LHF+SHF averaged over the 6 month period from July
to December 2009.
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predominantly cooler than the 2008 SSTs, except for
the subtropical Atlantic between 15°N and 30°N and
the high-northern latitudes. The surface warming
in the subtropical region, together with the cooling
to its north and south, was in apparent association
with the NAO tripole structure. The tripole pattern
is also evident in the LHF+SHF 2009-08 difference
field, but positive (negative) LHF+SHF anomalies oc-
curred mostly over cooler (warmer) sea surface. It is
known that the NAO SST tripole is due primarily to
the oceanic response to atmospheric forcing via the
effects of the changes in LHF+SHF and surface wind
induced Ekman currents (Cayan 1992; Deser and
Blackmon 1993). The negative correlation between
SST and LHF+SHEF tripole in 2009 is consistent with
the existing theory, indicating that the Atlantic basin-
scale SST variability in 2009 was driven primarily
by the atmospheric forcing: SST increases (decreases)
as a result of reduced (enhanced) latent and sensible
heat loss at the sea surface. This is seen clearly in
Fig. 3.3 where a series of surface cooling episodes
in the North Atlantic between 40—60°N can be well
explained by the changes in the ocean heat flux.

The changing relationships between LHF+SHF
and SST in the global oceans indicate that the ocean
heat fluxes played a dual role in the dynamics of
large-scale SST anomalies: they not only generated
SST anomalies (such as in the North Atlantic and the
tropical Indian Oceans) but also acted to damp SST
anomalies that had already been generated (such as
in the tropical and extratropical Pacific).

The long-term perspective of the change in 2009
LHF+SHF is shown in the annual mean time series
averaged over the global oceans from 1958 to 2009
(Fig. 3.12). The 2009 LHF+SHF was slightly down
from the 2008 mean (Peterson and Baringer 2009),
continuing the downward trend that started around
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FiG. 3.12. Year-to-year variations of global averaged an-

nual mean latent plus sensible heat flux (black curve),
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curve). The shaded areas indicate the error bars of the
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2000. The downward trend is driven primarily by
LHF with minor positive contribution from SHF.
Over the past 51 years from 1958 to 2009, the
LHF+SHF time series suggests an oscillatory nature,
with a low at 99 W m2 in 1977 and a high at 109 W
m2 in 1999. The present downward trend seems to
be a tendency toward reversing the upward trend that
had dominated the decades of 1980s and 1990s. The
accuracy of the OAFlux LHF and SHF estimates was
evaluated using 105 buoys available over the global
oceans (Yu et al. 2008). The averaged root-mean-
square differences between OAFlux and buoy over
the buoy locations are 9.6 W m™ for LHF and 2.6 W
m for SHF.

e. Sea surface salinity—G. C. Johnson and |. M. Lyman

Ocean storage and transport of freshwater are
intrinsic to aspects of global climate including the
water cycle (e.g., Wijffels et al. 1992), El Niio (e.g.,
Maes et al. 2006), and anthropogenic climate change
(e.g., Held and Soden 2006). Only since 2004 has
the advent of the Argo array of profiling floats, that
measures temperature and salinity year-round in the
upper 2 km of the ice-free global ocean, nominally at
10-day intervals and 3° x 3° spacing (Roemmich et al.
2009), allowed an annual assessment of global ocean
freshwater, and its complement, salinity. Remote
sensing of Sea Surface Salinity (SSS) by two satellites
is anticipated in 2010 (http://www.esa.int/esaLP/
LPsmos.html; http://aquarius.gsfc.nasa.gov/).

We analyze the near-global Argo data to determine
an annual average SSS anomaly for 2009 relative
to a climatology and to describe how annual SSS
anomalies have changed in 2009 relative to 2008, as
well as assessing trends in salinity since 2004 and
their statistical significance. The data, downloaded
from an Argo Global Data Assembly Center in Janu-
ary 2010, are a mix of real-time (preliminary) and
delayed mode (scientific quality-controlled) data.
The estimates of SSS presented could change after
all the data have been subjected to careful scientific
quality control.

We subject the shallowest near-surface (< 25 m)
salinity data flagged as good from each available
Argo profile to a statistical check to discard outliers
resulting in rejection of 8% of the profiles. After this
check, we cast the remaining data as differences from
a climatological mean surface salinity field from the
2001 World Ocean Atlas (WOA) based on historical
data reported through 2001 (Boyer et al. 2002). We
objectively map (Bretherton et al. 1976) the result-
ing anomalies for each year assuming a Gaussian
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covariance function with 6° latitude and longitude
decorrelation length scales and a noise-to-signal
variance ratio of 2.2.

Climatological SSS patterns are correlated with
surface freshwater flux: the sum of evaporation,
precipitation, and river runoff (e.g., Béranger et al.
1999) where advection processes are not dominant.
In each ocean basin, subtropical salinity maxima
centered between roughly 20° and 25° in latitude
are signatures of the predominance of evaporation
over precipitation. Conversely, in most regions where
climatological surface salinities are relatively fresh,
such as the high latitudes and the ITCZs precipitation
generally dominates over evaporation.

The 2009 SSS anomalies from WOA (Fig. 3.13a)
reveal some large-scale patterns that also hold in
2004 through 2008 (Arguez 2007; Levinson and
Lawrimore 2008; Peterson and Baringer 2009). The

Surface Salinity Anomaly [PS5-78]
-0.25 0 0.25

025 0 0.25 0.5
1-year Surface Salinity Change [PS5-78 yr ]

-0.5

Fic. 3.13. (a) Map of the 2009 annual surface salinity
anomaly estimated from Argo data [colors in PSS-
78] with respect to a climatological salinity field from
WOA 2001 (gray contours at 0.5 PSS-78 intervals).
(b) The difference of 2009 and 2008 surface salinity
maps estimated from Argo data [colors in PSS-78 yr'!
to allow direct comparison with (a)]. White areas are
either neutral with respect to salinity anomaly or are
too data-poor to map. While salinity is often reported
in practical salinity units, or PSU, it is actually a di-
mensionless quantity reported on the 1978 Practical
Salinity Scale, or PSS-78.
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regions around the subtropical salinity maxima
are mostly salty with respect to WOA. Most of the
high-latitude climatologically fresh regions appear
fresher than WOA, including most of the Antarctic
Circumpolar Current near 50°S and the subpolar gyre
of the North Pacific. These patterns may be consistent
with an increase in the hydrological cycle (i.e., more
evaporation in drier locations, and more precipitation
in rainy areas), as seen in simulations of global warm-
ing. These simulations suggest this signal might be
discernible over the last two decades of the twentieth
century (Held and Soden 2006), consistent with the
multi-year nature of these anomalies.

Nonetheless, there may be alternate explanations.
It is possible that the climatology, being based on rela-
tively sparse data distributions in many parts of the
oceans, may tend to underestimate regional extrema
that the well-sampled Argo array can better resolve,
or that the climatology contains regional biases on
seasonal or longer time-scales that are not present
in the Argo data. Also, some of these patterns might
be explained by interannual variability in large-scale
oceanic currents or atmospheric features such as the
ITCZs.

For example, in contrast to the other high-latitude
areas, the subpolar North Atlantic and Nordic Seas
in 2009 are anomalously salty with respect to WOA
(Fig. 3.13a), as they have been since at least 2004.
This salty subpolar anomaly is inconsistent with a
simple increase in the strength of the hydrological
cycle. However, the pattern appears mostly due to
northward spread of saltier subtropical waters from
the south into the northeastern North Atlantic since
the mid-1990s (Holliday et al. 2008; Hakkinnen and
Rhines 2009). This trend towards increasing salin-
ity in the region may have halted or even reversed
recently, since salinities in the area freshened slightly
from 2008 to 2009 (Fig. 3.13b) and show no large-scale
significant trend since 2004 (Fig. 3.14).

Salinity in the tropics exhibits strong interannual
variability owing to influences of phenomena such
as the ENSO cycle (e.g., Ando and McPhaden 1997).
For instance, the western equatorial Pacific fresh pool
spread eastward from 2008 to 2009 (Fig. 3.13b), with
the freshening in this region at least partly owing
to anomalous eastward currents along the equator
(Fig. 3.15) in the presence of the mean zonal salinity
gradient there. In contrast, the Atlantic ITCZ became
saltier. In addition, the strong fresh anomaly found
south of India in the tropics in 2006 (Arguez 2007) has
steadily weakened over the past few years (Levinson
and Lawrimore 2008; Peterson and Baringer 2009)
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Fic. 3.14. (a) Map of local linear trends estimated
from annual surface salinity anomalies for the years
2004-09 estimated from Argo data (colors in PSS-78
yr'"). (b) The ratio of these trends to estimates of the
95% confidence interval, with grey regions showing
areas without statistically significant trends and colors
from blue to orange indicating increasing statistical
significance of the trends.

and is now absent in 2009. Tropical salinity changes
from 2008 to 2009 (Fig. 3.13b) show some visual
similarities with changes in latent and short wave
heat fluxes between the years (Fig. 3.10b), as might
be expected given the relation of these parameters
to evaporation.

We estimate linear trends from 2004-09 (Fig.
3.14a), since Argo coverage became near global
in 2004, and the ratio of these trends to their 95%
significance (Fig. 3.14b). The most striking trend
patterns are in the Pacific. Saltier surface values in
the western and central tropical Pacific extend into
the eastern Pacific subtropics in both hemispheres.
A strong freshening also occurs in the western sub-
tropics of each hemisphere in the Pacific and the far
western tropical Pacific, extending into the Indian
Ocean northwest of Australia. The other large-scale
patterns include freshening in the tropical Southeast
Pacific and along the equatorial Atlantic.



f. Surface currents—R. Lumpkin, G. Goni, and K. Dohan

Near-surface currents are measured in situ by
drogued satellite-tracked drifting buoys and by cur-
rent meters on moored Autonomous Temperature
Line Acquisition System (ATLAS) buoys.! During
2009, the drifter array ranged in size from a mini-
mum of 778 drogued buoys to a maximum of 1149,
with a median size of 937 drogued buoys (undrogued
drifters continue to measure SST, but are subject to
significant wind slippage; Niiler et al. 1987). The
moored array included 38 buoys with current meters,
all between 12°S and 21°N. These tropical moorings
compose the Tropical Atmosphere Ocean (TAO; Pa-
cific), Pilot Research Moored Array in the Tropical
Atlantic (PIRATA; Atlantic) and Research Moored
Array for African-Asian-Australian Monsoon
Analysis and Prediction (RAMA; Indian) arrays.

Satellite-based estimates of ocean currents are
produced using several methodologies, including the
OSCAR (Ocean Surface Current Analyses—Real time)
project, which uses satellite altimetry, winds, SST,
and the Rio05 mean dynamic topography from the
AVISO Ssalto/Duacs multimission altimeter gridded
product (Rio and Hernandez 2004) to create one-
degree resolution surface current maps averaged over
the 0-30 m layer of the ocean (Bonjean and Lagerloef
2002). Anomalies are calculated with respect to the
time period 1992-2007.

1) PaciFic OceaN

In the equatorial Pacific, the year began with a ta-
pering off of the westward surface current anomalies
at the end of 2008 (Fig. 3.15), bringing currents back
to their climatological January values, although SST
anomalies remained cold until April (Fig. 4.1). By
February, eastward surface current anomalies were
present on the equator from 160°E to 100°W. This El
Nifio pattern developed and intensified through May.
In June-August, this pattern weakened in the central
part of the basin, and near-climatological currents (or
even westerly anomalies) were seen from the dateline
to 120°E. The El Nifio eastward anomalies began

! Drifter data is distributed by NOAA/AOML at http://www.
aoml.noaa.gov/phod/dac/gdp.html. Moored data is distrib-
uted by NOAA/PMEL at http://www.pmel.noaa.gov/tao.
OSCAR gridded currents are available at http://www.oscar.
noaa.gov/ and http://podaac.jpl.nasa.gov/. AVISO gridded
altimetry is produced by SSALTO/DUACS and distributed
with support from CNES, at http://www.aviso.oceanobs.
com/. Analyses of altimetry-derived surface currents are
available at http://www.aoml.noaa.gov/phod/altimetry/cvar.
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Fic. 3.15. Time-longitude plot of anomalous zonal
equatorial currents (cm s*') from OSCAR. Black lines
indicate eastward anomalies associated with propagat-
ing Kelvin waves.

redeveloping in August, in the form of eastward
propagating Kelvin wave pulses that are concurrent
with westerly wind anomalies (Fig. 3.15). Two major
wave trains were generated at the start of October
and December, resulting in strong eastward anoma-
lies west of 140°E in October. In November through
December, eastward anomalies dominated the entire
equatorial band of the Pacific Ocean (Fig. 3.16).
Surface current anomalies in the equatorial Pa-
cific typically lead SST anomalies by several months,
with a magnitude that scales with the SST anomaly
magnitude. Recovery to normal current conditions
is also typically seen before SST returns to normal.
Thus, current anomalies in this region are a valuable
predictor of the evolution of SST anomalies and their
related climate impacts. This leading nature can be

i P = = 0.5
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Fic 3.16. November 2009 zonal currents (top) and zonal
current anomalies (bottom) in m s°!, from OSCAR.
Eastward anomalies exceeding 50 cm s*' dominated
most of the equatorial Pacific.
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Fic 3.17. Principal empirical orthogonal functions
(EOF) of surface current (SC) and of SST anomaly
variations in the Tropical Pacific. (top) Amplitude
time series of the EOFs normalized by their respec-
tive standard deviations. (bottom) Spatial structures
of the EOFs.

seen clearly in the first principal EOF of surface cur-
rent anomaly and separately of SST anomaly in the
tropical Pacific basin (Fig. 3.17). By the end of 2009,
the values of the normalized surface current and SST
EOFs were reaching values approaching those of the
2002 El Nifo, the strongest El1 Nifio since the massive
1997-98 event.

The year ended with another strong wave pulse
at the beginning of January 2010, together with a
southward shift in westerly wind anomalies (Fig. 4.4),
often associated with the onset of the termination of
El Nifio conditions (Lagerloef et al. 2003).

2) INDIAN OCEAN

The Agulhas Current in the southwestern Indian
Ocean is the major western boundary current linking
the Indian and South Atlantic basins. Its transport
can be estimated on a monthly basis using a com-
bination of altimetry and hydrographic climatology
(see http://www.aoml.noaa.gov/phod/altimetry/cvar/
index.php). In 2009, the baroclinic transport of the
Agulhas decreased from a maximum seen in 2007, to
~48 Sv?, a value similar to those of the 1993-2000 pe-
riod (Fig. 3.18, top). The generation of Agulhas rings,
which carry Indian Ocean water into the Atlantic,
decreased from the peak seen during 2007/08 (Fig.
3.18, bottom) to the more typical long-term average
of ~5 rings yrl.

3) AtLanTIC OCEAN
In the tropical Atlantic, 2009, surface currents
were close to climatology except during boreal spring.

1

2Svisa Sverdrup or 10° m? s}, a unit commonly used for ocean

volume transports.
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Eastward anomalies of up to 50 cm s occurred along
the equatorial Atlantic in April through May, in
response to weaker than normal Trade Winds that
were also associated with anomalously cold SSTs in
the northeastern Tropical Atlantic. This eastward
anomaly pattern was disrupted in June-July, when
westward anomalies developed east of 20°W in the
Guinea Current region. By July, these currents had
returned to normal climatological values.

Against the east coast of South America, the
southward-flowing warm, salty Brazil Current meets
the northward flowing cold, fresh Malvinas Current
to create the Confluence Front.

Over the last 15 years, the location of this front
has shifted to the south at a mean speed of nearly
1° latitude per decade (Goni et al. 2010, manuscript
submitted to Deep-Sea Res.; Lumpkin and Garzoli
2010, manuscript submitted to J. Geophys. Res.). How-
ever, most of this shift occurred in the early part of
the altimeter-derived time series; while it exhibits
strong intraseasonal to seasonal fluctuations (Goni
and Wainer 2001), its annual-averaged position has
not changed significantly since 1998, and in 2009 it
fluctuated between 37° and 39°S.

g The meridional overturning circulation—NM. 0. Baringer,
T. 0. Kanzow, C. S. Meinen, S. A. Cunningham, D. Rayner, W. E.
Johns, H. L. Bryden, . J-M. Hirschi, L. M. Beal, and ]. Marotzke
The meridional redistribution of mass and heat

associated with the large-scale vertical circulation
within the oceans is typically called the meridional
overturning circulation (MOC). The most com-
mon definition of the strength of the MOC at any
particular latitude is the maximum of the vertically
integrated basinwide stream function, which changes
as a function of latitude and time and is influenced
by many physical systems embedded within it. There
are several available estimates of the steady-state
global mass, fresh water, and heat transport based
on the best available hydrographic data (Talley 2008;
Lumpkin and Speer 2007; Ganachaud and Wunsch
2003), as well as a few local estimates of the MOC
from one-time full water column hydrographic sec-
tions and western boundary arrays (e.g., McDonagh
et al. 2008; Kanzow et al. 2008); however, true time-
series observations of basinwide MOC transports are
logistically very challenging to collect.

Substantial progress has been made on develop-
ing a coordinated observing system to measure the
MOC through the international conference called
OceanObs09 held September, 2009. The conference
resulted in numerous community white papers and



The most up-to-date estimates of the
MOC from the 26.5°N array include data
from April 2004 to April 2008® (Cun-
ningham et al. 2007; Kanzow et al. 2010,
manuscript submitted to J. Climate). Over
this time period the MOC has averaged
18.7 Sv with a high of 32.1 Sv, a low of 3.2
Sv, and a standard deviation of 4.8 Sv (us-
ing the twice daily values filtered with a
10-day cutoff as described in Cunningham
etal. 2007). The data suggest no significant
trend in the strength of the MOC. After four
years of data, a seasonal signal is beginning
to emerge (Fig. 3.19) with a low MOC in
Apriland a high MOC in October and peak
to trough range of about 7 Sv. The MOC
can be divided into three components: the
northward western boundary Florida Cur-
rent, the wind-driven Ekman transport,
and the southward “interior” transport
(upper ocean geostrophic flow between the
Bahamas and Africa). The seasonal cycle of
the MOC appears to be largely attributable
to seasonal variability in the interior rather
than Ekman or Florida Current fluctua-
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Fic. 3.18. (a) Time-longitude plot of sea height anomaly (SHA)

in cm along the corridor of Agulhas ring propagation into the

Atlantic Ocean, showing the presence of rings as high SHA (red

colors). (b) monthly transport of the Agulhas Current (solid line)

and annual averages (dots).

conference summary papers aimed at synthesizing
recommendations for a sustained observing system
including measurements of the MOC (e.g., Cun-
ningham et al. 2010; Rintoul et al. 2010). Presently,
quantifying changes in the complex, global MOC are
being inferred only from observations of one com-
ponent of the MOC (e.g., a specific current or ocean
layer; e.g., Kanzow et al. 2008), at discrete locations
(e.g., at 26.5°N in the Atlantic; Cunningham et al.
2007; Kanzow et al. 2007; Johns et al. 2008), or from
indirect measurements such as air-sea fluxes thought
to force the MOC (e.g., Marsh 2000; Speer 1997), or
indirect measurements thought to be influenced by
changes of the MOC, such as deep property fields like
temperature or salinity (e.g., Johnson et al. 2008b). A
prototype for the recommended observing system
has been in place since April 2004, spanning the
subtropical gyre in the North Atlantic near 26.5°N,
hence this note concentrates on those observations.
The system is composed of UK-NERC RAPID MOC
moorings, US-NSF Meridional Overturning Circula-
tion Heat-Transport Array (MOCHA), and the US-
NOAA Western Boundary Time Series program (see
Kanzow et al. 2007; Kanzow et al. 2008; Cunningham
et al. 2007).
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tions (Kanzow et al. 2010, manuscript submitted to J.
Climate). Of note is that all the MOC transport values
estimated from five repeated CTD sections by Bryden
etal. (2005) can be found within the seasonal range of
the MOC time series (values ranged from 22.9 Sv in
2004 to 14.8 Svin 1957). These results do not disprove
the presence of a long-term trend in the strength of the
MOC (e.g., as suggested by Bryden et al. 2005; Wun-
sch and Heimbach 2006), but they do suggest that a
careful error analysis must be performed that includes
the impact of the underlying higher-frequency vari-
ability of the MOC on trend estimates (e.g., Baehr
et al. 2008; Baehr et al. 2007; Brennan et al. 2008).
Other related studies of the MOC trend are, so far,
contradictory with some reporting a decrease in the
MOC or components of the MOC (e.g., Wunsch and
Heimbach 2006; Longworth et al. 2010, unpublished
manuscript) while others suggest no change or even
an increase (e.g., K6hl and Stammer 2008; Zhang
2008; Olsen et al. 2008; Lumpkin et al. 2008; Schott
etal. 2009). Clearly, while disagreement remains over
the details of findings from any particular observing
systems (e.g., Kanzow et al. 2009), agreement exists

3 Observations of the strength of the MOC from the 26.5°
mooring array are available only with a time delay as the
moorings are recovered over 12 to 18 month intervals.
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FiGc. 3.19. Daily estimates of the strength of the me-
ridional overturning circulation (MOC; blue line) and
its components, the Florida Current (GS: green),
wind-driven Ekman transport (Ek: red) and the
geostrophic interior (Int: black), as measured by the
United Kingdom’s National Environmental Research
Council (NERC) Rapid Climate Change Program, the
National Science Foundation’s Meridional Overturning
and Heat transport Array, and the long-term NOAA
funded Western Boundary Time Series Program. The
interior volume transport estimate (accurate to | Sy,
Cunningham et al. 2007) is based on the upper-ocean
transport from April 2004 to April 2008 (see also Kan-
zow et al. 2009), with a 10 day low-pass filter applied
to the daily transport values.

that longer time series at multiple locations, particu-
larly of the deep transport components, is needed
(e.g., Wunsch 2008).

One of the main components of the MOC estimate
near 26.5°N is the Florida Current transport, the
longest transport time series of an ocean circulation
feature directly linked to the MOC. Near this latitude
in the Atlantic the bulk of the warm upper limb of the
Atlantic MOC is thought to be carried in the Florida
Current through the Straits of Florida and the ma-
jority of the cold lower limb is believed to be carried
to the south in the Deep Western Boundary Current
(DWBC) just east of the Bahamas (e.g., Baringer and
Larsen 2001; Meinen et al. 2010). Since 1982, varia-
tions in an important contributor to the upper limb
of the Atlantic MOC have been monitored by measur-
ing the Florida Current transport using a submarine
cable across the Straits of Florida in combination with
regular hydrographic sections. In 2009 the median
transport through the Florida Straits was 31.3 &
1.2 Sv4, slightly lower than the 31.7 £ 2.2 Sv median
transport in 2008, but well within the middle range

4 Standard error of the mean represents 95% confidence limits.
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of mean annual values (32.2 Sv median transport of
the Florida Straits from 1982 to 2008 with 50% of the
annual means within +/- 2.2 Sv). There were, however,
several unusual high-frequency events during the
year (Fig. 3.20): anomalously low-transport (outside
of two standard deviations of the daily averaged
values) events during 20-22 May, 18-27 June, 14-15
November, and 21-22 December, with values as low
asabout 23 Svand an unusually high transport 11-12
July, with values as high as about 38 Sv. Due to the
fact that these events were relatively short-lived, it is
likely they are local responses to atmospheric forcing
and coastally trapped wave processes and are not
particularly indicative of a climatically-important
shift (e.g., Mooers et al. 2005). However, these tran-
sient fluctuations can have important environmental
consequences. In the summer of 2009, the east coast
of the United States experienced a high sea level
event that was unusual due to it unexpected timing,
large geographic scope, and coastal flooding that was
not associated with any storms (Sweet et al. 2009).
Sweet et al. (2009) showed that this anomalous event
was related to the anomalously low Florida Current
transport: a reduced Florida Current transport cor-
responds to a lower sea surface height gradient across
the front and hence higher sea level onshore. Changes
in Florida Current transport and the associated MOC
have been similarly shown to affect sea level along the
east coast of the United States through other studies
such as Bingham and Hughes (2009) and Yin et al.
(2009).
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FiG. 3.20. Daily estimates of the transport of the Florida
Current during 2009 (red solid line) compared to 2008
(dashed blue line). The daily values of the Florida Cur-
rent transport for other years since 1982 are shown
in light grey. The median transportin 2009 decreased
slightly relative to 2008, and is slightly below the long-
term median for the Florida Current (32.2 Sv).



Trends in the MOC can also be determined
through proxies of the MOC strength, such as paleo
observations (e.g., Carlson et al. 2008), tracers (e.g.,
LeBel etal. 2008), and water mass characteristics (e.g.,
Kouketsu et al. 2009; Lohmann et al. 2008; Hawkins
and Sutton 2007). For example during the past year,
temperature and salinity observations in the Labra-
dor Sea showed an abrupt return of deep convection
between 2007 and 2008 (Vage et al. 2009). Yashayaev
and Loder (2009) showed that the enhanced deep
convection in the Labrador Sea in the winter of 2008
was the deepest since 1994 and included the largest
heat loss from the ocean to the atmosphere since the
mid-1990s, exceeding the long-term mean by 50%.
Such anomalous local events may be a precursor to
changes in the MOC strength (e.g., Lohmann et al.
2009; Bellucci et al. 2008). Large-scale changes in
temperature and salinity can also provide an indica-
tion of circulation changes; for example, Kouketsu
et al. (2009) and Johnson et al. (2008a) showed that
deep water temperature changes are consistent with
a slowing of the deep circulation.

h. Sea level variations—M. Merrifield, S. Gill, E. Leuliette, L.

Miller, G. Mitchum, S. Nerem, and P. Woodworth

The dominant changes in sea level during 2009
were associated with a moderate El Niflo event that
peaked at the end of the year. We first describe quar-
terly sea level anomalies, which illustrate the sea level
signature of the El Nifo event, followed by the 2009
annual mean relative to a long-term
mean and to the 2008 mean, which

we treat as the present sea level ten- 80N
dency. We conclude with an update ~ #N
on global sea level rise and a briefde- ~ **™
scription of daily sea level extremes 2;.';
observed at coastal and island tide 455
gauges in 2009. 80°s

The La Nifa event that developed
in 2007 and persisted through 2008
was still evident during January-

BI"E 1X'E

Jan - Mar 2009 Anomaly

Apr - Jun 2009 Ancmaly

09) with the excitation of a downwelling Kelvin wave
that created positive SSH anomalies in the central and
eastern equatorial Pacific. The size of the positive SSH
anomalies in the western Pacific warm pool region
also began to diminish during AMJ 09 presumably
due to weakening trade winds to the east. The high
SSH anomalies in the eastern tropical Pacific in-
creased in amplitude during July-August-September
2009 and peaked in October-November-December
2009 (OND 09). By OND 09 the high water levels in
the western equatorial Pacific had largely subsided to
background levels with the exception of a branch of
high water level near the South Pacific Convergence
Zone. Most of these changes in equatorial sea level
are associated with changes in regional ocean heat
content (see section 3c.).

Averaged over the entire year, the SSH anomaly
includes contributions from the weakening La Nina
state and the strengthening El Nifio with high water
levels across the equatorial Pacific (Fig. 3.22, top
panel). The low levels along the Pacific coast of North
America with high levels in the central North Pacific
suggest the dominance of the negative phase of the
PDO. High anomalies occur along the paths of the
Gulf Stream and Kuroshio extensions, suggesting
either a strengthening or meridional shift of those
currents. In general, sea level appears to be unusually
high in the Indian Ocean relative to the 1993-2002
baseline with the exception of the mid- to high-
latitude North Pacific and North Atlantic and in the

Jul - Sep 2008 Ancmaly

1BFE 240°E M°E MO'E

BI'E 1X%E 180E MOE MOE JOIE

20 45 A0 5 0 5 W 15 Hem

Oct - Dec 2009 Anomaly

February-March 2009 (JFM 09) with
high/low sea surface height (SSH)
anomalies in the western/eastern
tropical Pacific (Fig. 3.21). Positive r

anomalies extended throughout the
Indonesian Archipelago into the
tropical Indian Ocean and south-
ward along the west coast of Austra-
lia. The La Nifia weakened noticeably
along the western equatorial Pacific
during April-May-June 2009 (AM]
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Fic. 3.21. Seasonal SSH anomalies for 2009 relative to the 1993-2007
baseline average are obtained using the multimission gridded sea sur-
face height altimeter product produced by Ssalto/Duacs and distrib-
uted by Aviso, with support from CNES (www.aviso.oceanobs.com).

JuLy 2010 BAMS | 69



BO'N

60°MN
. 40°M

20°M

20°S
s
L]

s

BN

60°N
e aorn
20N
o

Fug ]

40°5

Wleos

B0

WE K'E WE 12°E 150°E E DI0E MO0E 2NPE 30 MME MO'E

Fic. 3.22. (top) The 2009 SSH anomaly (Ssalto/Duacs
product) from the 1993-2007 baseline is compared to
the 2009 anomaly computed for tide gauge data (dots)
obtained from the University of Hawaii Sea Level
Center (http://luhslc.soest.hawaii.edu/). (bottom) The
difference between 2009 and 2008 annual means.
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FiG. 3.23. Global mean sea level time series provided
by S. Nerem, University of Colorado at Boulder. The
rate does not include the global isostatic adjustment
correction, which nominally adds 0.3 mm yr’! to the
rate. Information on how the time series was con-
structed is available at http://sealevel.colorado.edu/
documents.php.
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southern tropical Atlantic. The coastal tide gauge and
SSH levels are similar at most stations.

The SSH tendency (Fig. 3.22, bottom panel) shows
the seesaw shift in water levels in the tropical Pacific
caused by the El Nifo event. SSH tended to drop in
the Indian Ocean, except for a band south of the equa-
tor extending from Australia to Madagascar. Levels
along the coast of Australia decreased from 2008 to
2009 due to the propagation of upwelling variable Kel-
vin waves along the coast during the El Nifio event.

The rate of global mean sea level (GMSL) rise is
estimated currently to be 3.1 + 0.4 mm yr! (3.4 mm
yr'! with correction for global isostatic adjustment)
(Fig. 3.23). Nerem et al. (2010, manuscript submit-
ted to Marine Geodesy) and Leuliette and Scharroo
(2010, manuscript submitted to Marine Geodesy)
provide recent updates of the GMSL trend calcula-
tion. Variations in GMSL about the long-term trend
tend to correlate with ENSO. This is evident as GMSL
dips below the long-term trend during the 2007-08 La
Nifia event and returns to the long-term trend with
perhaps slightly higher values during the latter part
of 2009 and the current El Nifio event. Because of
the combination of the trend and the El Nifio, GMSL
levels at the end of 2009 were generally the highest
over the length of the altimeter record.

Variations in GMSL due to changes in ocean den-
sity (steric sea level) and ocean mass are currently un-
der investigation using satellite altimeters, the Argo
array (measuring ocean temperature and salinity),
and the Gravity Recovery and Climate Experiment
(GRACE) time series (measuring ice melt and other
hydrological variations). An update to the analysis of
Leuliette and Miller (2009) using an additional year
of steric observations from Argo profiles and ocean
mass variations from the GRACE gravity mission
of sea level continues to show that the sea level rise
budget can be closed within the range of uncertain-
ties (Fig. 3.24). For the period January 2004 to March
2009, total sea level rise measured by the Jason-1 and
Jason-2 altimeters is 2.7 mm yr!. In areas more than
200 km from the nearest coast, the altimeter rate is
1.8 + 1.1 mm yr'}, while the combination of the steric
and ocean mass components is 1.4 + 0.6 mm yr?! or
2.3+£0.6 mmyr', depending on the choice of a glacial
isostatic adjustment correction.

Extreme water levels during 2009 are examined
using daily averages obtained from a global set of tide
gauges (Fig. 3.25). Extreme levels, taken as the average
of the 2% highest daily values relative to the annual
mean level (top panel), were high along the coasts of
North America, Europe, South Australia, and in the
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Fic. 3.24. Time series of GMSL, or total sea level, is
compared with the two principal components of sea
level change, upper-ocean steric change from Argo
measurements, and mass change from GRACE mea-
surements (update of Leuliette and Miller 2009). In
this figure, blue lines show the observed values and
red lines the inferred values from the complementary
observations (e.g., the inferred steric sea level is ob-
tained from observed total sea level minus observed
ocean mass).

eastern Bay of Bengal. For time series with at least
15 years of record length, we normalize the levels
by removing the mean and dividing by the standard
deviation of extreme sea levels for all available years
(Fig. 3.25, bottom panel). By this measure, extremes
along the east coast of the United States (see Sweet
et al. 2009 for a description of the summer 2009 sea
level anomalies in this region), the south coast of
Alaska, and at South Africa were notably higher than
normal. Other areas of unusually high values include
eastern and southern Australia and isolated stations
in Hawaii and the South Pacific. Extremes were gen-
erally below normal along the west coast of Canada,
at Chile, Scandinavia, Thailand, and at island stations
in the western equatorial Pacific.
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i. The global ocean carbon cycle—C. L. Sabine, R. A. Feely, R.

Wanninkhof, T. Takahashi, §. Khatiwala, and G.-H. Park

I) CARBON DIOXIDE FLUXES

Global ocean surface ocean CO, levels are ex-
tremely variable in space and time, especially on
seasonal time scales. To document the changing pat-
terns of air-sea CO, exchange requires an extensive
observational program. The latest global flux map,
based on a compilation of approximately three mil-
lion measurements collected between 1970 and 2007,
provides information on the monthly patterns of air-
sea fluxes during a “normal” non-El Nifio year taken
to be 2000 (Takahashi et al. 2009a). The number of
annual surface CO, observations has been growing
exponentially since the 1960s such that today well
over one million observations are reported to data
centers each year. This tremendous increase in the
number of annual observations provides exciting
opportunities to look at the patterns of air-sea CO,
fluxes in greater detail to understand the seasonal
to interannual variations and the mechanisms con-
trolling them. As a compliment to Takahashi’s work
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Fic. 3.25. (top) Extreme sea level variability is charac-
terized using the average of the top 2% mean daily sea
levels during 2009 relative to the annual mean at each
station. (bottom) The extreme values are normalized
by subtracting the mean and dividing by the standard
deviation of past year extreme values for stations with
at least 15-year record lengths.
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to update the CO, climatology, there is an ongoing
international effort to synthesize all the available
surface CO, data into a quality controlled database
that can be used to examine surface CO, variability
over a range of time and space scales (SOCAT; http://
www.socat.info/).

Over the last few years, we have presented annual
global air-sea CO, flux estimates based on empirical
approaches relating in situ measurements with satel-
lite observations of wind and sea surface tempera-
ture (Sabine et al. 2008, 2009). The latest empirical
approach for quantifying the air-sea CO, exchange
utilizing in situ, climatological, and satellite data is
described in Park et al. (2010, manuscript submitted
to Tellus B). Lags in availability of quality controlled
data streams including atmospheric CO,, satellite
and assimilation products preclude real-time analysis
such that consistent, climate quality seasonal air-sea
CO, flux maps are only available through 2008. The
global mean air-sea CO, flux for the period from 1982
to 2008 gives an average contemporary net uptake
of 1.48 Pg (10" g) C yr'. Following the Gruber et al.
(2009) assumption that the preindustrial steady state
ocean was a source of 0.45 Pg C yr'l, the estimated
average flux equates to a net ocean anthropogenic
CO, uptake of 1.93 Pg C yr™!, consistent with the range
of estimates (1.8-2.4 Pg-C yr'!) recently summarized
by Gruber et al. (2009).

Using the Park et al. (2010, manuscript submit-
ted to Tellus B) approach the global net uptake flux
for 2008 is estimated to be 1.23 Pg C yr'!, 0.25 Pg C
yr! smaller than the 27-year long-term average (Fig.
3.26). The uncertainty of the empirical flux estimates
is difficult to evaluate as discussed in detail in Park et

fmal © m? yr)
3

FiG. 3.26. Global distribution of air-sea CO, flux
anomalies in 2008 compared to 27-year mean values
as calculated using the Park et al. (2010, manuscript
submitted to Tellus B) approach. Positive values indi-
cate less uptake or more release of CO, by the ocean.
Fluxes are not determined for the gray regions.
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al. (2006), but the 2008 uptake is significantly lower
than the 1o interannual variability estimate of +0.14
Pg Cyr! for the whole record. Compared to long-term
average fluxes, 2008 generally showed less CO, uptake
and more CO, release with a few notable exceptions
including the high-latitude North Atlantic, the east-
ern subtropical North Pacific, and portions of the
Southern Ocean. Greater CO, efflux was found in the
Equatorial Pacific due to the strengthened upwelling
of deep water rich in CO,. As noted by Takahashi et
al. (2009a) the 2008 flux estimates also show areas
near 60°S located along the edge of the seasonal sea-
ice field had less uptake of CO, in summer time and
more release of CO, in winter time. Despite a band
of increased CO, uptake in the eastern North Pacific,
overall the North Pacific uptake was lower in 2008
relative to the long-term average.

Several recent publications have described regional
variations in CO, uptake patterns, particularly in the
North Atlantic and Southern Ocean, as the ocean car-
bon community works to distinguish secular trends
from natural interannual variations (e.g., LeQuere et
al. 2009; Watson et al. 2009; Metzl 2009; Lenton et
al. 2009). For example, recent observations suggest
a rapid decrease in the CO, uptake in the temper-
ate North Atlantic. However, Thomas et al. (2008)
used a general circulation model study to infer that
the North Atlantic CO, uptake may increase again
when the NAO returns to a positive state, similar to
the early 1990s.

The empirical approach for evaluating the annual
CO, flux gives an estimated interannual variability
of £0.14 Pg C yr'! over the last three decades. While
variability in the North Atlantic and Southern Ocean
are observed in our analyses, the largest interannual
variations are associated with ENSO changes. A nega-
tive correlation (R? ~0.68) is observed in a plot of the
yearly Multivariate ENSO Index (MEI) values versus
the annual global air-sea CO, uptake estimates for
the period from 1982 to 2008 (Fig. 3.27). A negative
MEI value indicates La Nina conditions and thus
enhanced CO, outgassing in the Equatorial Pacific. In
last year’s report we described the CO, flux patterns
associated with the moderate 2007 La Nifa (Sabine
et al. 2009). The conditions described here for 2008
reflect the second strongest La Nifia conditions in the
27-year record and show an overall global ocean flux
response of increased outgassing that was consistent
with these conditions (Fig. 3.27).

In 2009, the ENSO switched from La Nifa to El
Nifio conditions (chapter 4b). Interestingly, both ship-
board measurements and moored CO, observations
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Fic. 3.27. Correlation between global air-sea CO, fluxes
and the Multivariate ENSO Index (MEI). The red dot
indicates 2008 value.

along the equator are showing a pattern of sustained
CO, outgassing even in the presence of significant
positive temperature anomalies. This switch to El
Nifio conditions was too recent to evaluate with the
climate quality seasonal CO, flux maps, but prelimi-
nary estimates based on lower quality remotely sensed
data are available to within three months of present
(see http://cwcgom.aoml.noaa.gov/erddap/griddap/
aomlcarbonfluxes.graph). These preliminary results
also suggest that large-scale equatorial fluxes are not
following the historical El Nifio patterns.

The empirical CO, flux model generally agrees
well with GCM models in both the timing and mag-
nitude of the Equatorial Pacific flux anomalies associ-
ated with ENSO (Fig. 3.28). However, the correlation
did not hold with the latest E Nifio in 2002. The GCM
model suggested a significant decrease in outgassing
from the Equatorial Pacific which would be expected
from the El Nifio conditions, but did not seem to be
reflected in the in situ observations or the empirical
model (Fig. 3.28). The mechanisms responsible for
the break down in correlation between the El Nifio
and the CO, during this last EI Nifio event are being
investigated, but the pattern seems to be repeating
with this current 2009/10 EI Nifo. It could be related
to the relative roles of horizontal advection versus
vertical advection when the warming is focused on
the Central Pacific compared to the Eastern Pacific
but the data collected during the 2009/10 event will
help us to better understand these mechanisms.

2) SUBSURFACE CARBON INVENTORY

In the 1990s carbon samples were collected and
analyzed from approximately 95 research cruises run
as part of the international World Ocean Circulation
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Experiment (WOCE) and the Joint Global Ocean
Flux Study (JGOFS). Based on these data, Sabine et
al. (2004) estimated that the total inventory of anthro-
pogenic CO, in the ocean (C, ) in the year 1994 was
118+19 Pg C, accounting for 48% of the CO, released
from fossil fuel burning between 1800 and 1994. This
one-time global survey, however, could not provide
information on how ocean carbon inventories have
evolved over time or how the storage has varied geo-
graphically over different time periods.

In 2003, the U.S. CLIVAR/CO, Repeat Hydrog-
raphy Program began reoccupying a subset of the
WOCE/JGOES ocean survey lines. The program
has identified 19 hydrographic sections distributed
around the global ocean that will be reoccupied ap-
proximately every 10 years to examine changes in
ocean carbon and other physical and biogeochemical
tracers (http://ushydro.ucsd.edu/). This work is being
conducted in collaboration with other nations that
have similar repeat hydrography programs.

In 2009 a zonal line (designated as I5) across the
southern Indian Ocean, nominally along 32°S, was
completed as part of the U.S. CLIVAR/CO, Repeat
Hydrography Program. The top panel of Fig. 3.29
shows a section of dissolved inorganic carbon (DIC)
along I5 in 2009. Unfortunately, very few DIC mea-
surements were made on the previous occupation of
I5 by the British in 2002, but DIC can be calculated
with reasonable accuracy from the total alkalinity
and spectrophotometric pH measurements that were
made. The calculated 2002 DIC distributions are
shown in the middle panel of Fig. 3.29. The accuracy
of the calculated DIC values is estimated to be +4
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pmol kg™ or about half of the accuracy of the directly
measured values. This accuracy was confirmed by
comparison with a few dozen DIC samples that were
collected and analyzed from the cruise.

To the first order the DIC distributions look
similar for both years, but the difference plot (Fig.
3.29, bottom) shows that DIC generally increased
throughout the upper 1000 m of the water column
presumably resulting primarily from the uptake of
anthropogenic CO, from the atmosphere. The mag-
nitude of the changes is quite patchy with variations
ranging from ~ -30 to +30 pmol kg!. These changes
reflect natural carbon variations as well as secular
anthropogenic carbon increases.

A full global assessment of ocean DIC changes
cannot be made until the resurvey of the oceans is
completed in the next few years. However, a promis-
ing new approach for estimating C_ accumulation in
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the ocean was recently published by Khatiwala et al.
(2009). Their approach is based on an inverse method
to estimate the ocean’s transport from observed
tracer distributions together with an estimate of the
spatiotemporally varying air-sea CO, disequilibrium
based on the long-term record of atmospheric CO,
concentrations. The latter, which is also constrained
by surface ocean pCO, data (Takahashi et al. 2009b),
provides a time-varying boundary condition that
can be used to compute the C_ at any point in the
ocean at any instant in time using the transport es-
timate. Khatiwala et al. have used this technique to
reconstruct the spatially-resolved, time-dependent
history of C__ and its air-sea flux between 1765 and
2008. By taking into account the changing air-sea
disequilibrium of CO, and the complex advective-
diffusive transport of tracers in the ocean, this ap-
proach overcomes some of the main limitations and
biases of previous techniques. However,
it does not account for potential changes
in the fundamental processes controlling
the distribution of natural carbon in the
ocean such as variations in large-scale
circulation, ventilation, or in the biologi-
cal carbon pump.

Figure 3.30 shows a map of the C_
column inventory in 2008 estimated
using the method of Khatiwala et al.
(2009). The first order patterns are very
similar to those determined from the
independent approach of Sabine et al.
(2004) with the largest inventories in
the North Atlantic, where the formation
of deep waters move C_ into the ocean
interior. Relatively large inventories
are also associated with the subtropi-
cal convergence zone at approximately
40°S in the Southern Hemisphere. The
total 2008 inventory estimated for the

2300

:: mapped region in Fig. 3.30 is 140 Pg C.

Adding in the Arctic Ocean inventory
y as estimated by Tanhua et al. (2009) and
0 the marginal seas using the same scaling
-20

function as Sabine et al. (2004) gives a
30 total global ocean inventory of 151 Pg C.
This estimate suggests a 33 Pg C increase
50 in inventory since the Sabine et al. esti-

FiG. 3.29 Sections of dissolved inorganic carbon (umol kg') nominal-
ly along 32°S in 2009 (top) and 2002 (middle). The 2002 DIC values
were calculated from total alkalinity and pH measurements (see
text). Black dots show sample locations. Inset map shows cruise
track in red. The bottom section shows the DIC change (umol kg™")
between the two cruises (2009 minus 2002).
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mate for 1994 reflecting the continued
uptake and storage of C__ at rates of 2.0
and 2.3 +0.6 Pg C yr'! for the decades of
the 1990s and 2000s, respectively (Khati-
wala et al. 2009).
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Fic. 3.30. Map of the column inventory of anthropo-

genic CO, in 2008. Adapted from Khatiwala et al. 2009.

One advantage of the Khatiwala estimates is the
ability to examine the changes in ocean carbon stor-
age over time. For example, these estimates suggest
that the annual rate of ocean carbon storage has
grown every year since the late 1700s, but the rate
increased sharply in the 1950s in response to faster
growth in atmospheric CO,. In recent decades, how-
ever, the rate of increase in ocean carbon storage
has not been able to keep pace with the atmospheric
growth rate. The percentage of annual anthropogenic
CO, emissions stored in the ocean in 2008 was as
much as 10% smaller than the percentages of the
previous decade, although significant uncertainties
remain which preclude a more definitive statement.
The rapid growth in emissions over the past 10 years
relative to the previous decade is one important fac-
tor in the reduction in the ocean’s relative uptake of
anthropogenic CO, emissions. Another key factor is
the decreasing ability of the seawater to store the CO,
as dissolved inorganic carbon. This reduced capacity
is a natural and predictable consequence of ocean
carbon chemistry that, in the absence of changes in
large-scale circulation or ocean biology, will become
more significant with time (Egleston et al. 2010). By
comparing the Khatiwala estimates at the time and
location of the repeat hydrography cruises the mea-
sured ocean carbon changes can be used to validate
the C, estimates and monitor for changes in the
natural ocean carbon cycle not constrained by the
Khatiwala technique.

j. Global ocean phytoplankton—R. T. 0'Malley, M. ]. Behren-
feld, D. A. Siegel, and . Maritorena
Photosynthesis by the free-floating, single-celled
phytoplankton of the upper-sunlit “photic” layer of
the global ocean is the overwhelmingly dominant
source of organic matter fueling marine ecosystems.
Phytoplankton contribute roughly half of the annual
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biospheric (i.e., terrestrial and aquatic) net primary
production (NPP; gross photosynthesis minus plant
respiration), and their photosynthetic carbon fixation
is the primary conduit through which atmospheric
CO, is transferred into the ocean’s organic carbon
pools. These tiny suspended ocean “plants” play a
vital role on the Earth’s biogeochemical cycles, and
are the very base of the oceanic food chain. The
productivity of phytoplankton depends on the avail-
ability of sunlight, macronutrients (e.g., nitrogen,
phosphorous), and micronutrients (e.g., iron), and
thus is sensitive to changes in these resources.

Since 1997, a continuous record of global satellite
ocean color observations has been available, allow-
ing the investigation of relationships between ocean
environmental conditions and plankton ecology
(e.g., McClain 2009; Behrenfeld 2010). The ecosystem
property most often derived from ocean color data
is surface chlorophyll concentration (Chl_ ) (Fig.
3.31a). Chl_ provides an estimate of phytoplankton
pigment concentration throughout the upper ocean
mixed layer and its variability reflects the combined
influence of phytoplankton standing stock (biomass)
changes and physiological responses to prevailing
light and nutrient levels. Values of Chl_ span three
orders of magnitude globally (roughly 0.03 to >30 mg
m~>) with a distribution closely aligned with primary
ocean circulation features. Thus, high Chl_ is found
in regions of seasonal deep mixing (e.g., North Atlan-
tic) and upwelling (e.g., Equatorial Pacific, west coast
of Africa), while low values are found in permanently
stratified ocean regions, particularly the low-nutrient
central ocean gyres (white contours in Fig. 3.31a).

Climate-scale analyses require both continuity and
consistency in the underlying observations for correct
assessments of change. Unfortunately, these attributes
are not satisfied for the most recent period of satellite
ocean color measurements. Starting in 2008 and after
more than a decade of continuous coverage, obser-
vations from the Sea-viewing Wide-Field-of-view
Sensor (SeaWiFS) became intermittent due to issues
with the spacecraft and telemetry. No SeaWiFS im-
agery was collected for the first 88 days of 2008 and,
over the whole year, only 31 of 46 possible eight-day
composite images could be processed. Data gaps also
exist for 2009, with only 34 valid eight-day composites
available over the year. Thus, 30% of the SeaWiFS re-
cord is missing for 2008/09 and only one-third of the
eight-day composites are temporally matched for the
two years. This lack of continuity strongly restricts
an interannual comparison. Fortunately, half of the
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Fic. 3.31. (a) Average MODIS-Aqua Chl_ for 2009.
Heavy black lines indicate where average SST=15°C,
which is used herein to distinguish the permanently
stratified ocean from northern and southern strongly-
seasonal regions. White contours identify central
ocean gyres, as defined by average Chl__ values of 0.07
mg m (see also McClain et al. 2004; Polovina et al.
2008; and Henson et al. 2009). (b) Mid-2004 through
2009 monthly chlorophyll anomalies for the SeaWiF$S
(data from latest reprocessing: r2009.1). (c) Mid-2004
through 2009 monthly chlorophyll anomalies for the
MODIS-Aqua. (d) MODIS-SeaWiFS anomaly differ-
ence. Data in (b), (c), and (d) are for the permanently
stratified oceans (average SST>15°C).
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coverage common to both years occurred at the end of
the calendar year, providing two months of continu-
ous coverage of the El Nifio event developing over the
latter half of 2009 (Chapter 4a).

Consistency between available U.S. ocean color
datasets is also a problem. In the State of Climate in
2008 report, we noted a relatively constant offset be-
tween the SeaWiFS Chl_ record and concurrent data
from the MODerate resolution Imaging Spectrometer
(MODIS) on the Aqua platform. Accordingly, we
found reasonable agreement between temporal chlo-
rophyll anomalies for the two sensors (Behrenfeld et
al. 2009) [as in the current report, anomalies were
calculated as the difference between an observed
value for a given month and the average value for that
month over a sensor’s full record (e.g., 1997-2009 for
the SeaWiFS)]. Unfortunately, discrepancies between
Chl_ anomalies for the SeaWiFS (Fig. 3.31b) and
MODIS-Aqua (Fig. 3.31¢c) increased during 2009, such
that a simple offset correction is no longer adequate.
The temporal evolution of this intersensor incon-
sistency is clearly revealed in the MODIS-SeaWiFS
anomaly difference for the period 2004 to 2009 (Fig.
3.31d). While this issue of inconsistency has limited
the current analysis of Chl_, changes to SeaWiFS data
only, it is important to note that the full MODIS-Aqua
dataset is currently being reprocessed by the NASA
Ocean Biology Processing Group and preliminary
comparisons between the SeaWiFS and reprocessed
MODIS-Aqua scenes look excellent (see http://
oceancolor.gsfc.nasa.gov/REPROCESSING/R2009/
for more details). Nevertheless, this experience em-
phasizes the critical importance of monitoring and
updating ocean color sensor calibrations/algorithms
and conducting periodic data reprocessing to achieve
data quality levels adequate for satellite-based global
climate studies.

To investigate changes in global ocean chlorophyll
stocks during 2009, available SeaWiF§ data were ana-
lyzed following methodologies originally described
in Behrenfeld et al. (2006) and employed in our two
previous State of the Climate reports (Behrenfeld et
al. 2008b, 2009). Chl_, data (mg m™) were integrated
to the 1% light level to calculate "photic zone" chlo-
rophyll concentrations (£Chl). For analysis of chlo-
rophyll anomaly trends, global data were binned into
three broad regions: the permanently stratified ocean
(approximated as those waters with annual average
SST > 15°C), strongly seasonal high-latitude northern
waters (average SST < 15°C), and strongly-seasonal
high-latitude southern waters (average SST < 15°C).
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FiG. 3.32. (a) Percent change in November-December
average depth-integrated chlorophyll (3 Chl) between
2009 and 2008. (b) Absolute change in November-
December average SST between 2009 and 2008. (c)
State-space comparison between ) Chl and SST (from
panels a and b). Yellow = increasing SST, decreasing
>Chl. Red = increasing SST, increasing ) Chl. Dark
blue = decreasing SST, decreasing ) Chl. Light blue =
decreasing SST, increasing > Chl.

For each region, £Chl data (mg m2) were summed
over surface area to give total chlorophyll stocks in
units of teragrams (Tg = 102 g).

Spatiotemporal variations in Chl_ are driven
by variability in phytoplankton biomass, nutrient
stress, and light acclimation (i.e., photoacclimation),
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all of which are linked to physical changes within
the surface mixed layer. Changes in SST provide one
index of this variability in the physical environment
and can be compared globally to changes in Chl_,
(Behrenfeld et al. 2006, 2008a, 2009). The relation-
ship between phytoplankton chlorophyll and SST
changes for the 2008 to 2009 period is best illustrated
over the November-December period corresponding
to the strengthening of the 2009 El Nifio (Fig. 3.32).
For this period, expansive and spatially coherent
regions are seen of increasing and decreasing ZChl
(Fig. 3.32a). In particular, 2Chl decreased over much
of the equatorial Pacific in response to lower nutri-
ent levels associated with reduced rates of upwelling.
In contrast, significant increases in XChl are found
in the western tropical Pacific, the south Pacific and
Indian subtropical gyres and the equatorial Atlantic
Ocean (Fig. 3.32a). These changes in XChl correspond
to similar spatial patterns in SST changes (Fig. 3.32b),
again illustrating the close link between ocean biology
and their physical environment.

Overall for the stratified oceans, 63% of the pixels
with increased SST for November-December 2009
also exhibited decreased in £Chl (yellow pixels in
Fig. 3.32¢). Likewise, 60% of the pixels with decreased
SST corresponded to increased £Chl (light blue pixels
in Fig. 3.32¢). This dominant inverse relationship
between SST changes and XChl changes is consistent
with surface-ocean warming (cooling) being associ-
ated with decreasing (increasing) vertical nutrient
transport and increasing (decreasing) mixed-layer
light levels, with light and nutrient changes driving
changes in both phytoplankton cellular pigment levels
and biomass.

Relationships between global chlorophyll fields
and SST illustrated in Fig. 3.32 are seen at a much
broader level when cast against the full 12-year Sea-
WIES record for the three regions described above.
For this comparison, monthly anomalies in regional
SeaWiFS chlorophyll stocks were matched to SST
anomalies constructed by merging MODIS-Aqua
SST4 data (2003-09) and AVHRR (quality 5-8) SST
data (1997-2003) (regionally-integrated SST data have
units of °C m? and are hereafter referred to as "thermal
anomalies"). Once again, an overall inverse relation-
ship emerges at the regional scale for the full SeaWiFS
record [Fig. 3.33 - note that the thermal anomaly axes
are inverted (i.e., cooling at top, warming at bottom)].
Indeed, the newly reprocessed SeaWiFS data provides
an even closer match between thermal anomalies and
chlorophyll anomalies than previously reported (e.g.,
compare to Behrenfeld et al. 2009). At high-northern
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latitudes, chlorophyll and thermal oscillations were
relatively constrained between 1997 and 2006 and
then showed significantly stronger variability (Fig.
3.33a). Asin previous reports (Behrenfeld et al. 2008b,
2009), chlorophyll and thermal anomalies exhibited
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Fic. 3.33. Twelve-year record of monthly SeaWiFS$S
chlorophyll anomalies (black symbols, left axis, Tg) and
monthly AVHRR/MODIS thermal anomalies (red sym-
bols, right axis, °C m? x10'5). (a) Northern waters with
average SST < I5°C. (b) Permanently stratified waters
with average SST > 15°C. (c) Southern waters with
average SST < I15°C. See Fig. 3.31a for location of each
region. Horizontal dashed line in each panel = 0. Ther-
mal anomaly axes (right) are inverted to illustrate the
general inverse relationship with chlorophyll anomalies
and thermal anomalies. Note that the use of thermal
anomalies in this figure differs from Behrenfeld et al.
2008b and 2009. This change was made to preserve
identical processing with the chlorophyll signal.
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the largest temporal changes in the permanently
stratified, lower-latitude oceans (Fig. 3.33b - note
different axis scaling), with a large initial trend of
increasing chlorophyll and decreasing temperature
associated with the 1997-99 El Nifio (Behrenfeld et
al. 2006). From 1999 onward, an overall progressive
decrease in chlorophyll is observed and coincident
with a general increasing trend in ocean-surface
temperature (Fig. 3.33b). At high southern latitudes,
temporal trends in chlorophyll and thermal anoma-
lies are weaker (Fig. 3.33¢).

While comparisons of surface chlorophyll and
temperature data illustrate the strong dependencies
of biology on physical forcings, it is important to rec-
ognize that the underpinnings of such relationships
are correlative not causative. For each region, the
full range in thermal anomalies represents an aver-
age change in SST that barely spans 1°C. The direct
physiological consequences (e.g., enzymatic reaction
rates) of such minute temperature changes are negli-
gible. Thus, correlations between SST and chlorophyll
anomalies emerge because SST acts as a surrogate for
other environmental factors that covary with SST and
directly impact phytoplankton chlorophyll levels.
Two such factors are nutrient supply and mixed-layer
light levels. In general, surface-layer warming is as-
sociated with stronger surface-layer stratification and
shallower mixing depths, which in turn increase av-
erage mixed-layer phytoplankton light exposure and
can hamper vertical nutrient exchange (Behrenfeld et
al. 2005; Siegel et al. 2005). Decreased nutrient avail-
ability suppresses phytoplankton cellular chlorophyll
levels and can diminish phytoplankton biomass.
Likewise, acclimation to enhanced mixed-layer light
exposure entails reductions in cellular chlorophyll.
Changes in seasonal surface mixing cycles can also
influence chlorophyll levels by altering predator-prey
interactions and thereby phytoplankton biomass and
species composition (Behrenfeld 2010). Thus, it is the
correlation between SST and the summed expression
of these, and other, direct forcings that gives rise to
inverse chlorophyll-SST relationships. It is essential
that these functional relationships be carefully con-
sidered when interpreting observed global changes
in satellite chlorophyll fields and when projecting
observed changes to longer time-scale trends.



4. THE TROPICS—H. |. Diamond, Ed.
a. Overview—H. |. Diamond

The year was characterized by a transition from
waning La Nifla conditions to a building El Nifio,
which developed in June and then strengthened
to what NOAA’s Climate Prediction Center (CPC)
considers to be a strong episode. By December, SSTs
were more than 2.0°C above average over large parts
of the central and eastern equatorial Pacific from
175°W to 90°W.

Overall global tropical cyclone (TC) activity dur-
ing 2009 was the lowest since 2006, with six of the
seven main hurricane basins (the exception is the
Eastern North Pacific) experiencing near-normal or
somewhat below-normal TC activity. The El Nifio
contributed to what is only the second below-normal
hurricane season for the Atlantic basin since 1995 and
at the same time contributed to a sharp increase in
TC activity in the Eastern North Pacific basin which
comprises both the eastern and central Pacific sub-
regions. With the passage of the remnants of Hurri-
cane Felicia that resulted in some significant rainfall
and flooding, the state of Hawaii experienced its first
TC since Hurricane Iniki in 1992.

The Atlantic ITCZ was prominently featured in
the news, as strong convective activity associated
with it was cited as one possible factor in the tragic
downing of Air France Flight 447 some 300 miles off
the coast of Brazil in early June. In the Indian Ocean,
the 2009 season had a neutral to weak Indian Ocean
Dipole (I0OD) signal after an unprecedented three-
consecutive positive IOD signals from 2006 to 2008.

This tropics chapter consists of six sections: (1)
ENSO and the tropical Pacific; (2) tropical intrasea-
sonal activity; (3) TC activity for the 2009 season in
seven basins: the North Atlantic, eastern North Pa-
cific, western North Pacific, North Indian and South
Indian Oceans, Southwest Pacific, and Australia; (4)
ITCZ behavior in the Pacific and Atlantic basins; (5)
the IOD; and (6) TC heat potential, which, previously
in the Oceans chapter, helps summarize the section
for TCs from an ocean heat perspective.

b. ENSO and the tropical Pacific—M. Halpert, G. D. Bell,

and M. UHeureux

I) OcEANIC CONDITIONS

ENSO is a coupled ocean-atmosphere phenom-
enon centered in the equatorial Pacific Ocean. ENSO
features two opposing phases, El Nifio and La Nifa,

using the Nifo 3.4 index, which reflects area-averaged
SST anomalies in the east-central equatorial Pacific
between 5°N and 5°S and 170°W and 120°W. El Nifo
occurs when the three-month running mean value
of the Nifio 3.4 index (called the Oceanic Nifio In-
dex—ONI) is greater than or equal to +0.5°C; La Nifia
occurs when the ONI is less than or equal to —0.5°C.

Both La Nifa and El Nifio occurred during 2009,
with La Nifa continuing during January-March
(JEM) and El Nino prevailing from June through
the end of the year (Fig. 4.1). December-February
(DJF) in the 2008/09 season represented the second
consecutive DJF period with La Nifia conditions.
During JFM, the weekly Nifio 3.4 index ranged from
-0.5°Cto —1.1°C (Fig. 4.1). La Nina ended abruptly in
early April as SST anomalies increased rapidly, with
anomalous warming continuing during April-June,
leading to the development of El Nifio in late June.
El Nifio remained weak through September. Rapid
strengthening during October followed and the Nifio
3.4 index more than doubled to +1.5°C. Additional
strengthening occurred during November and De-
cember, with the Nifio 3.4 index averaging +1.8°C
during December. The ONI value for October-De-
cember (OND) reached +1.5°C, which the NOAA’s
CPC considers to be a strong episode.

The anomalous seasonally-averaged surface and
sub-surface temperature patterns associated with
ENSO during 2009 are summarized in Figs. 4.2 and
4.3, respectively. During DJF, the equatorial cold
tongue in the eastern Pacific Ocean was very well-
defined and extended westward to the international
date line (Fig. 4.2a). This feature was also stronger
than average, with negative SST anomalies of —1°C
evident in parts of the central and eastern Pacific
(Fig. 4.2b). The pattern of sub-surface temperature
anomalies during the period reflected an increased
slope of the thermocline (thick black line) with posi-
tive sub-surface temperature anomalies and a deeper-
than-normal thermocline in the western Pacific and
negative anomalies and a shallower-than-normal
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FiG. 4.1. Time series of weekly SST anomalies (°C) in
the Nifio-3.4 region (5°N-5°S, 170°-120°W). Anomalies
are departures from the 1971-2000 weekly adjusted Ol
climatology of Smith and Reynolds (1998).

which are responsible for considerable interannual
climate variability in the global tropics and the mid-
to-high latitudes. NOA A defines these ENSO phases
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Fic 4.2. Seasonal SST (left) and anomaly (right) for (a), (b) DJF 2008/09, (c), (d) MAM 2009, (e), (f) JJA 2009
and (g), (h) SON 2009. Contour interval is 1°C, with the 0.5°C anomaly contour included. Anomalies are
departures from the 1971-2000 seasonal adjusted Ol climatology of Smith and Reynolds (1998).

thermocline in the east-central and eastern Pacific
(Fig. 4.3a). These conditions are consistent with La
Nifa.

During March-May (MAM), surface (Figs. 4.2c,
4.2d) and subsurface ocean temperatures (Fig. 4.3b)
returned to near-average across the eastern equatorial
Pacific. Beginning in April, periodic westerly wind
bursts over the western Pacific initiated equatorial
oceanic Kelvin waves (section 4c, Fig. 4.7). During
both June-August (JJA) and September-November
(SON) (Figs. 4.3c, 4.3d) these Kelvin waves were as-
sociated with a deepening of the oceanic thermocline
in the central and eastern Pacific and with a corre-
sponding increase in subsurface ocean temperatures.
At the same time, positive SST anomalies developed
across the central and eastern part of the basin as El
Nifio developed and strengthened (Figs. 4.2f, 4.2h).
Within the Nifo 3.4 region, the dramatic increase in
SSTs during October and early November was also
associated with a strong oceanic Kelvin wave. By
December 2009, SSTs were more than 2.0°C above
average over large parts of the equatorial Pacific be-
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tween 175°W and 90°W, with the warmest total SSTs
(> 30°C) centered near the international date line.

2) ATMOSPHERIC CIRCULATION

Although La Nifia was short-lived and modest
in amplitude, its impacts on the patterns of tropi-
cal convection and atmospheric winds were pro-
nounced (Fig. 4.4). For example, convection during
DJF 2008/09 was suppressed over the central and
west-central equatorial Pacific (brown shading) and
enhanced over Indonesia and the far western Pacific
(green shading). This pattern reflected a westward
retraction of the equatorial convection toward the
western Pacific and a disappearance of convection
from the central Pacific. These conditions, combined
with equatorial low-level easterly wind anomalies
(Fig. 4.4a) and upper-level westerly wind anomalies
(Fig. 4.4b), were associated with an enhanced Walker
circulation typical of La Nifia. Additional La Nifia im-
pacts were seen in the subtropics of both hemispheres,
where upper-level cyclonic anomalies flanked the re-
gion of suppressed convection over the central Pacific.
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Fic 4.3. Equatorial depth-longitude section of ocean
temperature anomalies (°C) averaged between 5°N
and 5°S during (a) DJF 2008/09, (b) MAM 2009, (c) JJA
2008, and d) SON 2008. The 20°C isotherm (thick
solid line) approximates the center of the oceanic
thermocline. The data are derived from an analysis
system that assimilates oceanic observations into an
oceanic GCM (Behringer et al. 1998). Anomalies are
departures from the 1971-2000 period monthly means.

This anomaly pattern featured a retraction of the
mean subtropical ridges in both hemispheres toward
the western Pacific. In the Northern Hemisphere, it
also reflected a westward retraction of the East Asian
jet stream and below-average jet stream winds east
of the date line. These conditions dissipated during
MAM as La Nina ended.

El Nifio developed during JJA and produced
discernible impacts on the upper-level circulation
(Fig. 4.5a) in a manner consistent with past episodes
(Chelliah and Bell 2004). Prominent features of El
Nifo during this period included an anomalous zonal
wave-1 pattern of 200-hPa streamfunction anomalies
in the subtropics of both hemispheres. This pattern
featured weak anticyclonic circulation anomalies over
the central Pacific Ocean in both hemispheres and
relatively stronger cyclonic anomalies extending east-
ward from the Americas to Australasia. Associated
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FiG. 4.4. (a) Anomalous 850-hPa wind vector and speed
(m s’') and anomalous OLR (shaded, W m2) during
DJF 2008/09 and (b) anomalous 200-hPa wind vector
and speed (m s') and anomalous OLR (shaded, W m%)
during DJF 2008/09. Anomalies are departures from
the 1979-95 period monthly means.
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Fic. 4.5. Anomalous 200-hPa streamfunction (shading,
x 108 m?s') and wind vectors (m s*') during (a) JJA 2009
and (b) OND 2009. Anomalous ridges are indicated
by positive values (red) in the NH and negative values
(blue) in the SH. Anomalous troughs are indicated by
negative values in the NH and positive values in the
SH. Vector scale is to right of color bar. Anomalies are
departures from the 1971-2000 period monthly means.

with this pattern, westerly wind anomalies between
30°Sand 40°S reflected a strengthening and eastward
extension of the mean wintertime jet stream over the
South Pacific Ocean. Similar anomaly patterns were
also evident during August-October (ASO), which
led to a suppression of hurricane activity across the
Atlantic basin (see section 4d2) and to stronger hur-
ricane seasons in both the central (see sidebar article)
and eastern Pacific (see section 4d3) sub-basins.
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El Nifo impacts on the 200-hPa circulation were
especially pronounced during OND (Fig. 4.5b), with
well-defined anticyclonic anomalies evident in the
subtropics of both hemispheres over the central
equatorial Pacific. In the Northern Hemisphere,
strong westerly wind anomalies over the North Pa-
cific between 20°N and 30°N reflected a pronounced
eastward extension of the East Asian jet stream and
an eastward shift of the mean jet exit region toward
the eastern Pacific. North of the jet, the typical El
Nifio-related pattern of cyclonic anomalies was also
evident. Along with these impacts, the extratropical
anomaly patterns during both October and December
also reflected record negative phases of the Arctic
Oscillation (AO).

3) ENSO TEMPERATURE AND PRECIPITATION IMPACTS

During DJF 2008/09 La Nifia impacted global pre-
cipitation patterns in a manner consistent with past
cold episodes (Ropelewski and Halpert 1989). These
impacts included suppressed convection across the
central equatorial Pacific and above-average rainfall
across much of the Maritime Continent (Indonesia,
Philippines, Malaysia, and Borneo), which extended
to the northernmost portions of Australia (Fig. 4.4a).
In addition, above-average rainfall was observed in
northeastern Brazil. Similar anomalies were also
observed during DJF 2007-08 in association with La
Nifa (UHeureux et al. 2009).

In the United States, La Nifa contributed to drier
than average conditions across the South during DJF
2008/09 and to increased precipitation in the northern
Rockies and the Ohio and Tennessee Valleys. Tem-
peratures over the United States were also generally
consistent with La Nifa, with below-average tem-
peratures across the northern part of the country and
above-average temperatures across parts of the South.

By the end of the year, the patterns of precipita-
tion typically associated with El Nifio (Ropelewski
and Halpert 1987) were observed over parts of the
world. These included above-average precipitation
in the central equatorial Pacific and southeastern
South America and below-average precipitation in
parts of Indonesia and the Amazon Basin. Enhanced
storminess and precipitation were observed across the
southeastern United States in association with the
anomalous East Asian jet stream.

c. Tropical intraseasonal activity—]. Gottschalck and G. D. Bell

The MJO (Madden and Julian 1971, 1972, 1994)
is a leading climate mode of tropical convective
variability that occurs on intraseasonal time scales.
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The convective anomalies associated with the MJO
often have the same spatial scale as ENSO, but differ
in that they exhibit a distinct eastward propagation
and generally traverse the globe in 30-60 days. The
MJO can strongly affect the tropical and extratropi-
cal atmospheric circulation patterns and sometimes
produces ENSO-like anomalies (Mo and Kousky
1993; Kousky and Kayano 1994; Kayano and Kousky
1999). The MJO is often quite variable in any given
year, with periods of moderate-to-strong activity
sometimes followed by little or no activity. Overall,
the MJO tends to be most active during neutral and
weak ENSO periods and is often absent during strong
ElNifo events (Hendon et al. 1999; Zhang and Gott-
schalck 2002; Zhang 2005).

The MJO is seen by continuous propagation of
200-hPa velocity potential anomalies around the
globe. A time-longitude section of this parameter
shows four periods during 2009 with MJO activity
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FiG. 4.6. Time-longitude section for 2009 of anomalous
200-hPa velocity potential (x 10® m? s'!) averaged
between 5°N and 5°S. For each day, the average
anomaly for the previous 120 days is removed prior
to plotting. Green (brown) shading highlights likely
areas of anomalous divergence and rising motion
(convergence and sinking motion). Red lines highlight
the main MJO episodes. Anomalies are departures
from the 1971-2000 base period daily means.



(Fig. 4.6). These include four MJO periods depicted
in Fig 4.6 as follows: (1) moderate activity during
January (labeled MJO #1), (2) strong activity from
mid-March to early May (M]JO #2) (3) intraseasonal
variability during July and August which partly re-
flected the MJO (MJO #3) and (4) strong activity from
late October to mid-December (MJO #4).

During the first half of January, a combination
of the MJO and background La Nifa conditions
produced enhanced rainfall across Indonesia (indi-
cated by negative velocity potential anomalies and
anomalous upper-level divergence) and a stronger
than normal South Pacific Convergence Zone (SPCZ)
(not shown). During the remainder of January, very
wet conditions were observed across portions of equa-
torial South America and Africa as this upper-level
divergence shifted eastward (blue circles on Fig. 4.6).
During April even stronger MJO activity produced
anomalous upper-level divergence and increased
tropical rainfall from the Indian Ocean across Indo-
nesia into the western Pacific.

From late July to mid-August, several forms of
intraseasonal variability [including a faster propagat-
ing atmospheric Kelvin wave (Wheeler and Kiladis
1999; Wheeler and Weickmann 2001) and the MJO]
contributed to an eastward shift of positive veloc-
ity potential anomalies and anomalous upper-level
convergence from Indonesia to the central Pacific
Ocean (Fig. 4.6, dashed blue circle). This shift acted to
increase tropical activity in the Atlantic basin during
an otherwise below average season, as demonstrated
by development of TCs Ana, Bill, and Claudette (see
section 4d2). This observation is consistent with past
studies showing that conditions are more favorable
for tropical development in the Atlantic basin when
upper-level convergence prevails over the western
Pacific Ocean to near the international date line and
upper-level divergence dominates the western hemi-
sphere (Mo 2000; Maloney and Hartmann 2000). A
similar anomaly pattern during late October and early
November was more clearly linked to strong MJO
activity, which offset the El Nifo signal and allowed
for a rare late-season hurricane (Ida) to form over the
Caribbean Sea; Ida was the only storm of the season
to form in the Caribbean.

Opposite patterns of anomalous velocity potential
were evident during both July and September (red
boxes in Fig. 4.6). During September, these conditions
were associated with El Nifo, and contributed to a
significant increase in vertical wind shear over the
Atlantic basin (Fig. 4.16b) and to suppressed Atlantic
hurricane activity.
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The strong MJO activity during late October
through early December also produced extratropi-
cal impacts. As the MJO shifted eastward across the
western and central Pacific, the associated anomalous
upper-level divergence and enhanced convection
became superimposed upon the El Nifo signal (Fig.
4.6, blue box) and acted to strengthen and extend
eastward the East Asian jet stream. During mid-
December, this jet stream undercut a persistent and
strong upper-level ridge over western North America,
allowing very wet and stormy conditions to affect
California.

Between August and December, significant intra-
seasonal variability was also evident across the Pacific
Ocean in association with three equatorial oceanic
Kelvin waves (Fig. 4.7). The first two of these waves
were initiated in early August and mid-September,
in response to westerly wind events operating on a
faster time scale than that of the MJO. The second
wave traversed the eastern Pacific Ocean during late
October and November and produced exceptionally
large increases in anomalous oceanic heat content.
This wave also contributed to the rapid increase in
SSTs in the Nifio 3.4 region during late October (Fig.
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Fic. 4.7. Time-longitude section for 2009 of the
anomalous upper ocean (0-300 m) heat content (°C)
averaged between 5°N-5°S. Blue (yellow/red) shading
indicates below (above) average heat content. The
downwelling phases (dotted lines) of equatorial oceanic
Kelvin waves are indicated. Anomalies are departures
from the 1982-2004 base period pentad means.
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4.1) and to large SST increases along the west coast
of equatorial South America in early December. The
third major Kelvin wave of the year was initiated over
the western Pacific during December. This wave was
triggered by a westerly wind burst linked to the MJO
and reinforced the anomalously warm sub-surface
waters in the central Pacific.

d. Tropical cyclones

I) Overview—H. J. Diamond

Global tallying of TC numbers is always chal-
lenging, and involves more than simply adding up
basin totals, as some storms cross basin boundaries,
some of the basins overlap, and multiple agencies are
involved in tracking and forecasting TCs. Averaged
across all seven TC basins, the 2009 season (2008/09
in the Southern Hemisphere) saw a below-normal
(1981-2000 base) number of tropical or named storms
(NS) [= 34 kt] and a below-average number of hur-
ricanes/typhoons/cyclones (HTC) [> 64 kt] and major
HTCs [> 96 kt]. Globally, 90 NSs! developed during
2009 (7 below average) and 42 became HTCs (13 be-
low average). Of these, 16 (compared to 26 in 2006, 18
in 2007, and 20 in 2008) attained major/intense status
(global average is 25.4). Globally, the 2009 season was
the least active since 2006.

From the standpoint of TC numbers, the 2009 sea-
son was above average in only one basin, the eastern
North Pacific which comprises both the eastern and
central Pacific hurricane subregions. The season was
below average in the North Atlantic Ocean and near
to slightly below average in the remaining five basins,
which are the western North Pacific, the North In-
dian Ocean, the South Indian Ocean, the Southwest
Pacific, and the Australian region

EINifo’s emergence in June led to only the second
below-normal Atlantic hurricane season (along with
1997) since 1995. El Nifio also contributed to a sharp
increase in hurricane activity across the central and
eastern North Pacific. The re-emergence of above-
normal activity in the Central Pacific sub-basin is
highlighted in the chapter’s sidebar article.

Despite a well-below-average Accumulated Cy-
clone Energy (ACE) Index value in the North Indian
Ocean, the three systems that did make landfall
ranked among the wettest ever observed in India and
Bangladesh. For the Southwest Pacific the season had

! It should be noted that in the western North Pacific there
were an additional nine unnamed tropical depressions re-
corded by the Japan Meteorological Agency not included in
this total.

$84 | BAMS juLy 2010

its latest start since 2001, with its first NS delayed until
late January. Nonetheless, 2009 was that basin’s most
active season since 2006.

2) ATLANTIC BASIN—G. D. Bell, E. S. Blake, T. B. Kimberlain,
(. W. Landsea, R. |. Pasch, ]. Schemm, and §. B. Goldenberg

(i) Seasonal activity

The 2009 Atlantic hurricane season produced nine
NSs, of which three became hurricanes (Hs) and two
became major hurricanes (MHs). The 1950-2000
averages are 11 NSs, 6 Hs, and 2 MHs. The reduced ac-
tivity during 2009 reflected fewer, shorter-lived, and
generally weaker storms compared to most seasons
since the high-activity era for Atlantic hurricanes
began in 1995 (Goldenberg et al. 2001). As a result,
the ACE index (Bell et al. 2000) for 2009 was 60% of
the median (Fig. 4.8), and approximately one-third of
the seasonal average since 1995 (which is 165% of the
long-term median). Based on NOA A’s classification?,
2009 was only the second (along with 1997) below-
normal Atlantic hurricane season since 1995.

One NS (Claudette in the Florida Panhandle) made
landfall in the United States during 2009, and Ida
brought tropical storm force winds to the northern
U.S. Gulf Coast before becoming extratropical prior
to making landfall. Only one NS (Ida) formed in the
Caribbean Sea, making landfall as a hurricane in
Nicaragua before weakening to a tropical depression
(TD) while crossing southeastern Honduras. Tropi-
cal Storm? (TS) Erika passed through the northern
Caribbean Islands while weakening, and H Bill
brushed Nova Scotia and Newfoundland (Cangialosi
and Avila 2010).

This represents a sharp decrease in the number
of landfalling NSs compared to 2008, when the na-
tions in and surrounding the Caribbean Sea were
severely impacted by four NSs and four Hs, and the
continental United States was struck by three NSs
and three Hs.

(ii) SSTs

For the August-October (ASO) climatological
peak months of the Atlantic hurricane season, SSTs
were above average throughout the Main Develop-
ment Region (MDR), defined as the Caribbean Sea
and tropical Atlantic Ocean between 9.5°N and
21.5°N (Shapiro and Goldenberg 1998). The largest
SST departures (+0.5°C to +1.0°C) were found across

2 See http://www.cpc.noaa.gov/products/outlooks/back-
ground_information.shtml
3 A TS is equivalent to an NS
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Fic. 4.8. NOAA’s ACE index expressed as percent of the 1950-2000 me-
dian value (87.5 x 104 kt?). ACE is a wind energy index that measures the
combined strength and duration of the NSs. ACE is calculated by sum-
ming the squares of the 6-hr maximum sustained wind speed (kts) for
all periods while the named storm has at least TS strength. Pink, yellow,
and blue shadings correspond to NOAA classifications for above-, near-,
and below-normal seasons, respectively. Brown lines separate high- and
low-activity eras.

African Easterly Jet (AE]) was also
shifted approximately 5° lat north
of normal (black arrow, Fig. 4.10b),
meaning the bulk of the African
easterly wave energy (Reed et al.
1977) was often centered well
within the MDR in an area of
increased cyclonic shear (orange
shading). This jet configuration
favors stronger easterly waves and
provides a cyclonic rotation to
their embedded convective cells
(Bell and Chelliah 2006).
Unfavorable conditions in-
cluded exceptionally strong verti-
cal wind shear (blue shading, Fig.
4.11) and anomalous upper-level
convergence (Fig. 4.12) over the
Caribbean Sea. These conditions
were linked to an anomalously
strong and persistent Tropical

the south-central and eastern MDR (Fig. 4.9a). The
ASO area-averaged departure for the entire MDR
was +0.50°C, which is tied for seventh warmest since
1950 (Fig. 4.9b).

This warmth reflects three main factors: (1) the
warm phase of the Atlantic Multidecadal Oscillation

Upper Tropospheric Trough (TUTT, blue shading
in Fig. 4.10c) over the Caribbean Sea. This TUTT
produced a combination of anomalous upper-level
westerly winds and low-level easterly winds (Fig.
4.13a) which increases the vertical wind shear. The
TUTT also suppressed the normal rising motion so

(AMO) (Enfield and Mestas-Nuiiez 1999), which
accompanied the 1995 transition to the active
Atlantic phase of the tropical multidecadal signal
(Bell and Chelliah 2006); (2) reduced mixing and
reduced evaporation from the ocean surface in
association with weaker northeasterly trade winds
(anomalous southwesterly flow) across most of the
tropical Atlantic portion of the MDR (Fig. 4.10a);
and (3) long-term trend (Santer et al. 2006). The
reduced Atlantic hurricane activity during 2009,
despite this anomalous warmth, is consistent
with previous findings indicating that local atmo-
spheric circulation anomalies, rather than local
SST anomalies, are the dominant contributor to
seasonal fluctuations in Atlantic hurricane activity
(Shapiro and Goldenberg 1998; Bell and Chelliah
2006; Bell et al. 2006).

(iii) Atmospheric circulation

A mixed set of atmospheric conditions, some
favorable and some unfavorable to TC activ-
ity, prevailed during ASO. Favorable conditions
included westerly wind anomalies at 1000-hPa
and below average sea level pressure over large
portions of the MDR (Fig. 4.10a). The core of the
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Fic. 4.9. (a) SST anomalies (°C) during Aug-Oct 2009.
(b) Consecutive Aug-Oct area-averaged SST anomalies
in the MDR. Red line shows the corresponding 5-yr run-
ning mean. Green box in a) denotes the MDR, which
spans 9.5°N-21.5°N and 20.0°W-87.5°W. Anomalies are
departures from the 1971-2000 monthly means.
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Fic. 4.10. Aug-Oct 2009: (a) 1000-hPa anomalous height
(shading, m) and vector wind (m s*'),(b) 700-hPa anoma-
lous cyclonic relative vorticity (shading, x 10 s"') and
vector wind, with thick arrow indicating the AE] axis. (c)
200-hPa anomalous streamfunction (shading, x 10¢ m?
s) and vector wind. Green boxes denote the MDR. Vec-
tor scales are located right of color bars. Anomalies are
departures from the 1971-2000 period monthly means.

Fic. 4.11. Aug-Oct 2009: Anomalous 200-850 hPa
vertical wind shear magnitude (m s'') and vectors.
Green box denotes the MDR. Vector scale is located
right of color bar. Anomalies are departures from the
1971-2000 period monthly means.
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that only weak ascent prevailed throughout the MDR
(Fig. 4.13b). In addition to suppressing the overall
hurricane season strength, these conditions acted to
decrease sharply the number of landfalling NSs in
2009 compared to 2008.

(iv) Links to global climate patterns

The regional atmospheric conditions and Atlantic
TC activity during 2009 largely reflected two compet-
ing climate factors: El Nifno and the ongoing active
Atlantic phase of the tropical multidecadal signal
(Bell et al. 2009). Across the tropical Pacific Ocean,
the 200-hPa velocity potential and divergent wind
anomalies during ASO (Fig. 4.12) were consistent
with El Nifio, as was an overall zonal wave-1 pattern
of 200-hPa streamfunction anomalies in the sub-
tropics of both hemispheres (Fig. 4.14). This pattern
reflected enhanced subtropical ridges over the Pacific

4

Fic. 4.12. Aug-Oct 2009: 200-hPa anomalous velocity
potential (shading, x 104 m? s*') and divergent wind
vectors (m s™'). Vector scale is located right of color
bar. Anomalies are departures from the 1971-2000
period monthly means.
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Vertical Molion (x 107 ')
Fic. 4.13. Area-averaged conditions in the MDR during
ASO for recent El Nifio years: (a) total zonal wind (m
s"), with negative (positive) values indicating easterly
(westerly) winds and (b) total vertical motion (x 102
s!), with negative (positive) values indicating rising
(sinking) motion. Climatology (Clim) is the 1971-2000
base period means.
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Fic. 4.14. ASO 2009: Anomalous 200-hPa streamfunc-
tion (shading, x 104 m? s!') and wind vectors (m s™').
Anomalous ridges are indicated by positive values
(red) in the NH and negative values (blue) in the SH.
Anomalous troughs are indicated by negative values
in the NH and positive values in the SH. Vector scale
is located right of color bar. Anomalies are departures
from the 1971-2000 period monthly means.

Ocean in both hemispheres, and weaker than average
subtropical ridges throughout the remainder of the
global subtropics.

Over the Caribbean Sea, regional aspects of this El
Nino signal included the enhanced TUTT, stronger-
than-average westerly winds at 200-hPa, increased
vertical wind shear, and anomalous sinking motion,
all of which overwhelmed the ongoing multidecadal
signal and suppressed the 2009 Atlantic hurricane
season. These conditions are opposite to those ob-
served during 2008, when the combination of the
high-activity era and La Nifia contributed to an above
normal Atlantic hurricane season (Bell et al. 2009).

(v) Conditions associated with the ongoing high-
activity era in the tropical Atlantic

During the current high-activity era for Atlantic
hurricanes, which began in 1995, two-thirds (10 of
15) of Atlantic hurricane seasons have been above
normal, and only two have been below normal (Fig.
4.8). This elevated activity contrasts with the preced-
ing low-activity era 1971-94, when one-half of the
seasons were below normal and only three were above
normal. During 1995-present, four of the five seasons
not classified as above normal (1997, 2002, 2006, and
2009) can be linked to El Nifo.

The transition to the current high-activity era was
associated with a phase change in the tropical mul-
tidecadal signal, which reflects the leading modes of
tropical convective rainfall variability and Atlantic
SSTs occurring on multidecadal time scales (Bell and
Chelliah 2006; Bell et al. 2007). This signal highlights
the convectively-driven nature of the atmospheric
anomalies across the central and eastern MDR, and
links them to an east-west oscillation in anomalous
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convection between western Africa (Landsea and
Gray 1992; Goldenberg and Shapiro 1996) and the
Amazon Basin.

The combination of an enhanced West African
monsoon and suppressed convection in the Amazon
Basin was seen again during ASO (Fig. 4.12) and is
known to be associated with an inter-related set of
atmospheric anomalies typical of active hurricane
seasons (Landsea et al. 1998; Bell et al. 1999, 2000,
2004, 2006, 2009; Goldenberg et al. 2001; Bell and
Chelliah 2006; Kossin and Vimont 2007). These
anomalies include enhanced low-level inflow into
the West African monsoon region (Fig. 4.10a) and
enhanced upper-level divergent outflow from that
region (Fig. 4.12). They also include stronger upper-
level ridges over both the eastern MDR and across the
subtropical South Atlantic as seen in 2009 (Fig. 4.14),
along with a stronger tropical easterly jet at 200 hPa.

Accompanying these conditions, the vertical wind
shear (Fig. 4.15a) and 700-hPa zonal winds (Fig. 4.15b)
in critical parts of the MDR have been much weaker
since 1995 compared to the preceding low-activity era,
and the 700-hPa relative vorticity has been cyclonic
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FiGc. 4.15. Time series showing consecutive ASO values
of area-averaged (a) 200-850 hPa vertical shear of the
zonal wind (m s™'), (b) 700-hPa zonal wind (m s*') and (c)
700-Pa relative vorticity (x 10-% s'!). Blue curve shows
unsmoothed values, and red curve shows a 5-pt run-
ning mean of the time series. Averaging regions are
shown in the insets.

JuLy 2010 BAMS | $87



rather than anticyclonic across the southern MDR
(Fig. 4.15¢). These latter two features were again
present during ASO and are consistent with the more
conducive AE]J described above.

As discussed by Bell and Chelliah (2006) and Bell
et al. (2009), the above combination of conditions
means that tropical storms can develop within the
MDR from amplifying African easterly waves mov-
ing within the region of below-average pressure and
increased cyclonic shear along the equatorward flank
of the AEJ. In the absence of El Nifio, these waves are
also embedded within an extended region of weak
vertical wind shear, which enables further intensi-
fication as they move westward over progressively
warmer SSTs.

(vi) Intraseasonal variability in Atlantic hurricane
activity

During 2009 intraseasonal variability in Atlantic
hurricane activity resulted from a combination of
the MJO and an atmospheric equatorial Kelvin wave
(see section 4c¢). For example, six NSs including both
MHs formed during 11 August to 7 September, and
the third H of the season did not form until early No-
vember. During these more active periods, the MJO
contributed to anomalous upper-level convergence
over the central equatorial Pacific (Fig. 4.6). In mid-
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FiG. 4.16. Anomalous 200-850 hPa vertical wind shear
magnitude (m s*') and vectors during (a) August 2009
and (b) September 2009. Green boxes denote the Main
Development Region (MDR). Vector scale is located
right of color bar. Anomalies are departures from the
1971-2000 period monthly means.
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August an atmospheric Kelvin wave also contributed
to this anomalous upper-level convergence. These
conditions resulted in a more conducive pattern of
vertical wind shear across the tropical Atlantic (Fig.
4.16a) similar to that described (Mo 2000). In con-
trast, only two NSs formed during most of September
and October, a period when El Niflo dominated the
200-hPa divergence signal (Fig. 4.12). Particularly
impressive is the exceptionally strong vertical wind
shear during September across most of the MDR
(Fig. 4.16b).

3) EAsTERN NorTH Paciric (ENP) easin—D. H. Levinson,
E. ). Gibney, |. Weyman, and M. C. Kruk

(i) Seasonal activity

The ENP basin is officially split into two separate
regions for the issuance of warnings and advisories by
NOAA’s National Weather Service (NWS). NOAA’s
National Hurricane Center (NHC) in Miami, Florida
is responsible for issuing warnings in the eastern
part of the basin that extends from the Pacific Coast
of North America to 140°W, while NOAA’s Central
Pacific Hurricane Center (CPHC) in Honolulu,
Hawalii, is responsible for issuing warnings in the
Central North Pacific region between 140°W and
the international date line. In this section analysis
summarizing the tropical cyclone activity in both
these warning areas will be presented using combined
statistics, along with information specifically address-
ing the observed activity and impacts in the Central
North Pacific (CNP) region.

The ENP hurricane season officially spans from
15 May to 30 November, although storms can develop
outside of the official season, especially during El
Nifio enhanced hurricane seasons*. Hurricane and
tropical storm activity in the eastern area of the basin
typically peaks in September, while in the Central
Pacific TC activity reaches its seasonal peak normally
in August (Blake et al. 2009). Figure 4.17 shows the
tracks of all of the observed TCs in the ENP and CNP
in 2009. TC activity in the ENP started later than
normal this past year, with the development of two
systems in June (TD O1E during 10-18 June, and H
Andres during 21-24 June), which was the first time
since 1999 that no named storms formed during
May. For the season as a whole, the number of NSs
and MHs that developed were both slightly above
their long-term means, while the number of Hs was

4TS Paka was the last TC to occur in December in the ENP
basin when it developed in the Central Pacific region during
2-6 December 1997.
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near-normal. Primarily due to the development of an
El Niflo warm event during the boreal summer and
early autumn in the equatorial Pacific in 2009, the
hurricane season was above average in the ENP ba-
sin, with 20 NSs, 9 Hs, and 5 MHs (Fig. 4.18a). These
values are at or above the 1971-2005 averages for the
basin (16.2 NSs, 9.1 Hs, and 4.3 MHs).

Despite the overall above average activity in 2009
in terms of storm counts, the ACE Index (Bell et al.
2000; Bell and Chelliah 2006) was near-normal for the
basin with a seasonal total of 106.1 x 10* kt?, which
was slightly below the 1971-2005 mean (126.3 x 10*
kt?), but higher than occurred during the previous
two seasons (Fig. 4.18b).

A total of seven TCs were observed in the CNP
region in 2009, three of which developed in the region
and were officially named by the CPHC (TS Lana, TS
Maka, and H Neki)®, while three others propagated
into the region from the east (Fig. 4.17) crossing
the warning area boundary of 140°W (MH Felicia,
MH Guillermo, and TS Hilda). Three TCs reached
hurricane strength in the CNP warning area, one of
which developed into a major hurricane (Neki). This
was the largest number of TCs in the CNP since 1997,
and well above the 1971-2005 average of 4-5 TCs®.
The enhanced activity in the CNP was also likely a
result of the influence of the El Nifio warm event that
developed during the hurricane season, which gener-
ated more TC activity west of 140°W (see sidebar).

> A non-named TD (02C) was also noted during this period.
¢ NOAA’s CPHC includes TDs in their climatological statistics
for the CNP basin.
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Since 1995, the number of NSs in the ENP basin has
been near average, fluctuating about the long-term
mean (Fig. 4.18a). However, the numbers of Hs and
MHs have been generally below normal in most sea-
sons, with above normal activity having occurred in
only three seasons. NOAA has identified 9 of the 15
seasons in the ENP as being below normal during
1995-2009, with only the EI Nifio-influenced seasons
0f 1997 and 2006 producing above-normal activity as
measured by the ACE index. In contrast, enhanced
activity was observed during the preceding 1970-94
period, which had 6 of 25 (24%) below-normal seasons
and 9 of 25 (36%) above-normal seasons, as measured
by the ACE index.

(ii) Environmental influences on the 2009 season

Seasonal TC activity (both frequency and inten-
sity) in the ENP basin is influenced by several large-
scale environmental factors in the basin, including
SSTs, the vertical shear of the horizontal wind, the
phase of the ENSO phenomenon in the equatorial
Pacific, as well as the phase of the Quasi-Biennial
Oscillation (QBO) in the near-equatorial lower
stratosphere (Gray 1984; Shapiro 1989; Whitney and
Hobgood 1997; Hobgood 2003). ENSO is known to
strongly modulate both the SSTs and vertical wind
shear on interannual time scales in the ENP basin
(Whitney and Hobgood 1997). However, multi-
decadal fluctuations in ENP hurricane activity are
less well understood but do show a strong inverse
relationship to the phase of the tropical multidecadal
mode and Atlantic hurricane activity (Bell and
Chelliah 2006; Wang and Lee 2010).

Previous studies have documented that the occur-
rence of an El Nifio typically favors an above-normal
hurricane season, while La Nifia (and neutral) condi-
tions typically favor a below-normal hurricane season
in the ENP (Irwin and Davis 1999; Frank and Young
2007; and Camargo et al. 2008). These ENSO impacts
are modulated by the multidecadal signal, with the
combination of a La Nifla occurrence during an inac-
tive hurricane era greatly increasing the probability of
a below-normal season. During 2009, the transition

Another significant environmental factor that
likely enhanced the above-normal hurricane season
in 2009 was anomalously below-average vertical wind
shear between 200 hPa and 850 hPa in the MDR dur-
ing the latter half of the hurricane season (Fig 4.19a).
During the first half of the hurricane season (JJA), the
wind shear anomalies were above average (exceeding
9-12 m s!), which suppressed tropical cyclogenesis
and inhibited intensification. Conditions changed
considerably during the latter half of the season, when
negative wind shear anomalies of 9-12 m s™! were
observed during SON (Fig. 4.19b). It is likely that the
significantly weaker-than-normal shear late in the
season enhanced TC intensification and as a result
2009 had an above average number of MHs in the
ENP. The late season formation of MH Rick (15-21
October), which reached a maximum intensity of 155
kt Category (Cat-) 5 and was the second strongest
ENP hurricane in the historical record (behind MH
Linda in 1997, which had a peak intensity of 160 kt),
as well as the development of MH Neki in the Central
Pacific (18-26 October), were both indications of
the weak wind shear during the peak months of the
hurricane season.

150
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Fic.4.19. The 200-850 hPa vertical wind shear anomalies
(m s’") averaged over the following two periods in 2009:
(a) June-August (JJA) and (b) September-November
(SON), with anomalies determined relative to the
1979-2004 base period mean. The main development
region for ENP hurricanes is the area delineated by the
green polygon in both maps. [Source: North American
Regional Reanalysis (NARR) dataset, provided by
the NOAA National Operational Model Archive and
Distribution System.]

from an ENSO neutral phase to an El Niflo during
the climatological peak of the hurricane season (ASO)
resulted in above average SSTs (weekly and monthly
SST anomalies of +0.4°C to +1.5°C) in the MDR”.

7 The MDR in the ENP covers the region delineated by the
green boxes in Fig. 4.19; between 10°N and 20°N and 90°W
and 130°W.
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Several previous studies have shown statistically
significant correlations between hurricane activity
and the phase of the QBO (Gray 1984; Shapiro 1989;
Whitney and Hobgood 1997). In the ENP basin, TCs
have been shown to attain a higher intensity when
the QBO is in its westerly phase, but there is also a
corresponding decrease in the observed seasonal fre-
quency (Whitney and Hobgood 1997). In June 2009,
the phase of the QBO was westerly, as indicated by the
zonally-averaged U-component winds at both 30-hPa
and 50-hPa obtained from the NOAA CPC Climate
Data Assimilation System (CDAS) dataset. In July,
the zonal mean winds at 30-hPa shifted to easterly
and remained from an easterly component for the
remainder of the 2009 hurricane season. In contrast,
the zonal winds at 50 hPa (not shown) remained from
a westerly component for the entire hurricane season
in the ENP. The effect of this split signal related to
the phase of the QBO on the frequency and intensity
of TC activity in the ENP is unclear. However, us-
ing data covering the 1963-1993 hurricane seasons,
Whitney and Hobgood (1997) found that there are
slightly fewer TCs over the ENP when the QBO is
in its westerly phase, although these storms attained
a slightly higher maximum intensity. Therefore, it
is possible that the intensity of hurricanes in the
ENP basin during the 2009 season may have been
ehanced by the westerly phase of the QBO (based on
the zonally-averaged wind at 50 hPa), as five major
hurricanes formed during the season, which was the
highest total since the 2006 season.

(iii) TC Impacts

Three TCs made landfall along the Pacific Coast
of Mexico during the season (Cat-1®¥ H Andres,
Cat-2 H Jimena, and TS Rick). In comparison with
climatology, the 2009 season was well above the
1951-2000 average of 1.34 landfalling TCs (Jauregui
2003). Along the Pacific Coast of Mexico, H Andres
attained minimal hurricane strength (Cat-1 intensity)
as it moved parallel to the coast in late June. Damage
along Mexico’s southwestern coast was minimal;
however, heavy rains from Andres and its precursor
disturbance flooded homes in a portion of Acapulco
and resulted in the evacuation of about 200 people.
Preliminary damage reports suggested that Andres
was responsible for one fatality in Mexico.

8 Saffir-Simpson categories are used in this chapter, except
for the Southwest Pacific and Australian regions which
use the Australian system (see footnote in that section).
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Strong winds and heavy rainfall from H Jimena
caused devastation as the storm crossed the Baja pen-
insula on 2-4 September, officially making landfall
with sustained winds of 85 kt (Cat-2). Strong winds
and heavy rains associated with Jimena caused wide-
spread damage on the central and southern Baja Cali-
fornia peninsula. The cities of Ciudad Constitucion,
Mulege, and Loreto were reported to be hard hit, as
well as many of the smaller towns near the track of the
storm’s center. One fatality was reported—a drowning
due to flash flooding in Mulege, Baja California del
Sur—and 75% of homes were damaged in Puerto San
Carlos. Severe damage also occurred to the agricul-
tural sector. Approximately 400 hectares of citrus was
lost and 80 hectares of greenhouses were destroyed
by the storm. Total losses to the sector have been esti-
mated to be atleast $37.3 million (U.S.), with damages
to infrastructure estimated at $12.5 million (U.S.).

On 21 October, TS Rick made landfall near Mazat-
lan with estimated maximum sustained winds of 50
kt, which was significantly weaker than the 155 kt
the storm had reached at peak intensity. Preliminary
reports suggested that Rick was responsible for two
deaths in Mexico.

In the CNP, Felicia reached a maximum intensity
of 120 kt (Cat-4) before it weakened significantly as it
moved into the Central Pacific sub-basin and affected
the main islands of Hawaii as a tropical depression
in mid-August. Impacts from Felicia included heavy
rainfall and localized flash flooding.

In October, the northwestern Hawaiian Islands
were directly affected by MH Neki (Fig. 4.17, storm
number 20), which caused the evacuations of re-
searchers and scientists viaa NOAA ship and a Coast
Guard C-130 aircraft. Neki developed as a weak TC
near 12°N, 130°W and slowly moved westward with
little change in intensity. As it turned northwestward
near 160°W, the system intensified, reaching a peak
intensity of 105 kt (Cat-3). As its northern move-
ment slowed, the storm crossed the archipelago near
French Frigate Shoals and Necker Island as a strong
TS (maximum sustained winds of 50-55 kt).

4) WEsSTERN NorTH PaciFic (WNP) Basin—S. .
Camargo
The 2009 season featured 28 TCs (including TDs)
forming in the WNP. There were two (TS Maka and
TD 02C) TCs which formed in the Central Pacific
and crossed into the WNP. Of these 30 active TCs
in the WNP, according to the Japan Meteorological
Agency, nine additional TDs occurred in 2009. One of
these TDs was named by the Philippine Atmospheric,
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Geophysical and Astronomical Services Administra-
tion (PAGASA), which also named two other TDs
(Bising and Crising) in the 2009 typhoon (TY) season.
Twenty-five reached TS intensity (three of which were
not named), 14 became TYs, and 5 reached super-
typhoon (STY) intensity. In Fig. 4.20a the number of

Typhoon Warning Center (JTWC) best-track dataset
for 1945-2008, and preliminary operational data for
2009, for the TCs forming in the WNP. Preliminary
data for the storms forming in the Central Pacific
region is from CPHC. Climatology is defined using
the period 1971-2000.

TSs, TYs, and STYs per year is shown for the period
1945-2009. The TC data used here is from the Joint

The 2009 WNP TC season (see Fig. 4.20) started
in May, with TYs Kujira and Chan-Hom. These were
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FiG. 4.20. (a) Number of TCs for the period 1945-2009. (b) Cumulative number of NSs per month: 2009
(black line), and climatology (1971-2000) shown as box plots [interquartile range: box, median: red line,
mean: blue asterisk, values in the top or bottom quartile: blue crosses, high (low) records in the 1945-2008
period: red diamonds (circles)]. (c) Number of NSs per month in 2009 (black curve), mean climatological
number of NS per month (blue curve), the blue plus signs denote the maximum and minimum monthly
historical values (1945-2009) and green error bars show the interquartile range for each month. In the
case of no error bars, the upper and/or lower percentiles coincide with the median. (d) Cumulative
number of TYs: 2009 (black line), and climatology (1971-2000) shown as box plots. (€) Number of TY per
month in 2009 (black curve), mean climatological number of TY per month (blue curve), the blue plus
signs denote the maximum and minimum monthly historical values (1945-2009) and green error bars
show the interquartile range for each month. (Source: 1945-2008 JTWC best-track dataset, 2009 JTWC
preliminary operational track data.)
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followed by TY Linfa and TS Nangka in June. July
TC activity was below normal, with only two TCs
reaching TS intensity, TS Soudelor and TY Molave.
On average for the month of July there are four NSs
that develop, of which three reach TY intensity. In
August, the TC activity was higher than in July, with
three TSs (Goni, Etau, and Krovanh) and two TYs
(Morakot and Vamco) forming in the WNP. In addi-
tion, two Central Pacific TCs, TS Maka and TD 02C
crossed into the region. The most active month in TC
genesis numbers was September, with one TD (Mu-
jigae), two TSs (Dujuan and 18W), two TYs (Koppu
and Ketsana), and three STYs (Choi-Wan, Parma
and Melor) forming in the WNP. The seven NSs
and three STYs that occurred in September tied the
previous historical record of the number of NSs and
STYs in that month. The TC activity in October was
slightly below average, with one TS (Nepartak), one
TY (Mirinae), and one STY (Lupit) occurring in the
basin. The last STY (Nida) of the 2009 season formed
in November, along with two TDs (24W and 27W)
and one non-named TS (25W). The season finished
with the formation of TS 28W in early December.

The total number of TCs (30), NSs (25), and TYs
(14) in 2009 were all below the median but equal to
or above the 25th percentile of the climatological
distributions (median: 30.5 TCs, 27 NSs, and 16
TYs, 25th percentile: 27 TCs, 24 NSs, and 14 TYs).
The cumulative distributions of NSs (Fig. 4.20b) and
TYs (Fig. 4.20¢) show a slow season start, with the
activity increasing in May, below-normal activity in
July and August, and the high activity in September
leading to slightly below-normal values for the season
as a whole for NS and TY numbers. In contrast, the
number of STYs in 2009 (five) was in the top quartile
of the climatological distribution.

The ACE in the WNP (Fig. 4.21) reflects well the
activity and number of TCs. The ACE value for the
2009 season was very near the climatological median
(Fig. 4.21a), only slightly above the median, due to the
very low value of ACE in July, which was not totally
compensated by the high October and November
ACE values. The May ACE was in the top quartile of
climatology and the November ACE was very close
to the 75th percentile of the climatology. July and
October were complementary months, with the July
ACE value being the 5th lowest and the October ACE
being the 5th highest value in the historical record
for the respective months. The ACE values of the two
strongest storms in 2009, STYs Melor and Nida are
in the top 5th percentile of the historical record and
the climatological distribution. Ninety percent of the
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ACE in November is due to STY Nida, while 64% of
the September ACE is due to STY Choi-Wan, and 37%
of the October ACE is due to STY Melor.

There were 129 days with TCs and 122 days with
NSsin 2009 in the WNP, both in the bottom quartile
of the climatological distribution (medians 161.5 and
144.25 days, respectively). From these, there were 110
days with typhoons, slightly below the climatological
median of 120.4 days. There were 22.25 days with
intense TYs (categories 3-5), above the climatologi-
cal median of 19.4 days. Climatologically, 74% (11%)
of the TC days consist of days with (intense) TYs.
In 2009 these ratios were much higher, 85.3% and
17.25%, respectively, pointing to a more frequent oc-
currence of intense and STYs in the 2009 TC season.
The median lifetime of NSs in 2009 was 6.5 days,
below the median lifetime of 8 days for all years.
From the 25 NSs, 17 had a duration below the median,
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Fic. 4.21. (a) ACE Index per year in the western North
Pacific for the years 1945-2009. The solid green
line indicates the median for the years 1971-2000
climatology, and the dashed green lines show the 25th
and 75th percentiles. (b) ACE index per month in 2009
(red line) and the median in the years 1971-2000 (blue
line), where the green error bars indicate the 25th
and 75th percentiles. In the case of no error bars,
the upper and/or lower percentiles coincide with the
median. The blue plus signs (+) denote the maximum
and minimum values during the period 1945-2009.
(Source: 1945-2008 JTWC best-track dataset, 2009
JTWC preliminary operational track data.)
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with 11 of those in the bottom quartile of the
distribution. Only three TCs had a duration
in the top quartile of the distribution, i.e.,
with lifetimes larger than 11.25 days, namely
STYs Nida (11.75 days), Lupit (12.75 days),
and Parma (17 days). STY Parma’s very long
lifetime of 17 days is in the top 2 percentile of
the historical record.

The El Nifo event in 2009 occurred in
three phases. From June to September, it was
a weak event and then ramped up in Octo-
ber to a moderate event. In December it was
declared a strong event. There is a known
relationship between WNP ACE and ENSO,
with high values of ACE usually occurring
in El Nifio years, when the TCs tend to be
long-lived and more intense (Wang and Chan
2002; Camargo and Sobel 2005; Camargo et
al. 2007b). The 2009 ACE reflects the time
evolution and strength of the El Nifo event
in 2009. In the early TC season, while ENSO
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Fic. 4.22. Genesis potential index (Camargo et al. 2007b)
anomalies for (a) JJA 2009; (b) SON 2009. El Nifio genesis
potential index anomaly composites (c) JJA; (d) SON. (Source:
atmospheric variables - NCEP Reanalysis data, Kalnay et al.

was still weak, low (July) or average values of 1996;

ACE occurred. Once the ENSO event became
stronger, the ACE values also increased, especially
in October and November, due to the occurrence of
the five super-typhoons in the late September to No-
vember period. The 2009 median lifetime was below
normal, and with exception of TY Chan-Hom, all the
storms that had an above-normal lifetime occurred
after late September, when the El Nifio became a
moderate to strong event. There was a flurry of TC
activity in late September, when the MJO was active
in the region, right before the ramp-up of the EI Nifio
event. This would be in agreement with the hypoth-
esis, discussed in Sobel and Camargo (2005), that TYs
could help strengthen El Nifio events.

Emanuel’s genesis potential index (GPI) (Camargo
et al. 2007a) shows (Fig. 4.22) clearly the shift in the
environmental conditions from the early (JJA) to the
late (SON) season to more typical El Nifio-like condi-
tions. While the GPI anomalies for JJA do differ from
the El Nifio JJA composite pattern, the SON anomalies
are very similar to the El Nifio SON composite.

The mean genesis location (15.2°N, 140.5°E) in
2009 was shifted northwest of the climatological
mean genesis positions (12.9°N, 143.5°E). While
the mean track position (20.2°N, 134.9°E) is shifted
slightly northward of the climatological mean
(19.0°N, 134.2°E). These shifts are not consistent
with the typical El Niflo events, which tend to have a
southeastward shift (Chan 1985; Chia and Ropelewski
2002). The late season (September to December) mean
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genesis position (14.2°N, 145.4°E) is more consistent
with the typical shift in El Nifio events.

Fourteen WNP TCs made landfall during 2009,
which is just below the 1951-2000 median of 15°.
Six systems made landfall as a TD (median is three),
seven made landfall as TS (median is six), one struck
as TY (median is four), and none as an STY (median
is zero).

TY Morakot was a particularly catastrophic event
for Taiwan, leaving 461 people dead and 192 others
missing (most of whom were feared dead) with rough-
ly $3.3 billion (U.S.) in damages. The storm produced
record setting rainfall of 2777 mm, surpassing the
previous record of 1736 mm set by TY Herb in 1996.
The extreme amount of rain triggered enormous
mudslides and severe flooding throughout southern
Taiwan. One mudslide buried the entire town of
Xiaolin killing an estimated 500 people in that village
alone. The slow moving storm also caused widespread
damage in China, leaving eight people dead and caus-
ing $1.4 billion (U.S.) in damages. Nearly 2000 homes
were destroyed in the country and 136 000 more were
reported to have sustained damage. The storm also
caused severe flooding in the northern Philippines
that killed 26 people.

° Here we consider only one landfall per TC. If a TC makes
more than one landfall, the landfall event with the highest
wind speed is considered.



The Philippines were severely affected by the
2009 TY season. The PAGASA-named depressions
in January, February, and May brought heavy rains
and flooding in the eastern Philippines, mudslides
on Cebu Island, and heavy rains with flooding in
the western Philippines. These were followed by ty-
phoons Kujira and Chan-Hom in May, which caused
severe damage to crops, livestock, and infrastructure,
as well as deaths in the country. In June, TSs Linfa,
Nangka and Soudelor also affected the Philippines.
More destruction and deaths were caused by TS Goni
in July. In September, the Philippines were again af-
fected by TYs Koppu, Ketsana, and Parma, the second
bringing a record rainfall amount in Manila, while
the latter made three landfalls in the Philippines. In
October, TY Mirinae crossed the Philippines, and
in November TD Urduja brought landslides to the
southern part of Luzon.

5) INDIAN OCEAN BASINS

(i) North Indian Ocean (NIO)—NM. C. Kruk and K. L.Gleason

The NIO TC season typically extends from April
to December, with two peaks in activity during
May-June and November when the monsoon trough
is positioned over tropical waters in the basin. TCs
in the NIO basin normally develop over the Arabian
Sea and Bay of Bengal between latitudes 8°N and
15°N. These systems are usually short-lived and rela-
tively weak and often quickly move into the Indian
subcontinent. However, strong and “severe cyclonic
storms”!? can develop with winds exceeding 130 kt
(Neumann et al. 1993).

The 2009 TC season produced five NSs, one cy-
clone (CYC), and no major cyclones (MCYC) (Fig.
4.23a). These values are near the 1981-2005 averages
of 4.6 NSs, 1.4 CYCs, and 0.5 MCYCs. The season
produced an ACE index value of 6.0 x 10* kt?, which
is far below the 1981-2005 mean of 16 x 10* kt? (Fig.
4.23b). There is generally a reduction in tropical cy-
clone activity, especially in the Bay of Bengal, during
the warm phase of ENSO (Singh et al. 2000), which
the globe was transitioning to during the boreal
summer 2009.

During 2009, the monsoon trough set in relatively
early (23 May). However, from 24 to 25 May, CYC
Aila developed with peak winds of 65 kt in the Bay
of Bengal and disrupted the normal northward ad-

10 The Bangladesh Supercyclone of 1970 produced perhaps
the greatest human death toll (300 000 persons) on record,
primarily from storm surge flooding of low-lying deltas
(Holland 1993).

STATE OF THE CLIMATE IN 2009

9 AN
104 '.'l.'iJ::fL.':Cfe‘i_
5 ¥
1 A\
m B
=
: /\
) v y v U W E
24 !
\‘H’ﬁu"\ £ pd  Boses | p F‘LF‘H
IE
1970 1975 1980 1985 1990 1935 2000 2005
80
b)  mm0sace nom
1681.2008 Mean ACE Inden
__40]
£
=]
=3
=
[
=
E 204
w
(=]
=
104

ﬂ. o
1970 1975 1980 1985 1090 1985 2000 2005

Fic 4.23. Annual TC statistics for the NIO over the
period of 1970-2009: (a) number of NSs, CYCs, and
MCYCs, and (b) the estimated annual ACE Index
(x 10% kt?) for all tropical cyclones during which they
were at least tropical storm or greater intensities (Bell
et al. 2000). The 1981-2005 base period means are
included in both (a) and (b). Note that the ACE Index
is estimated due to a lack of consistent é6-hr-sustained
winds for every storm.

vancement of the monsoon. This resulted in severe
drought conditions across the typical rainy areas of
Jharkhand, Uttar Pradesh, and Himachal Pradesh.
However, by 3 July, the monsoonal position had re-
turned to near-normal (Fig. 4.24).

Despite the below normal rainfall from the mon-
soon trough, three NSs that made landfall in 2009
ranked among the wettest ever observed in India and
Bangladesh. In India, CYC Aila killed 149 people and
stranded tens of thousands of others because of the
massive flooding that resulted. The eastern state of
Meghalaya received 270 mm total rainfall from 25
to 26 May. In Bangladesh, CYC Aila resulted in 179
deaths from flooding and isolated over 400 000 people
as numerous villages were submerged from flood-
waters. Total rainfall from CYC Aila exceeded 130
mm near Chittagong, Bangladesh. This rainfall was
particularly devastating, as it followed on the heels of
NS Bijli (14-17 April), which produced an estimated
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Fic 4.24. The average position of the monsoon trough by date during 2009. (Image source: India

Meteorological Department.)

129 mm of rainfall over Bangladesh, according to
the Tropical Rainfall Measuring Mission (TRMM),
with maximum rainfall rates exceeding 50 mm hr!.

Finally, from 9 to 11 November, NS Phyan devel-
oped just southwest of Sri Lanka and moved steadily
north-northwest and then northeast until making
landfall along the eastern coast of India near Maha-
rashtra. NS Phyan produced extremely heavy rainfall
of 820 mm over Tamil Nadu with peak winds near
50 kt. This total rainfall ranks second only to CYC
Nisha, which produced 1000 mm across the same
region from 25 to 29 November 2008.
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(i) South Indian Ocean (SIO)—K. L. Gleason and M. C. Kruk

The SIO basin extends south of the equator from
the African coastline to 105°E", with most CYCs
developing south of 10°S. The SIO TC season extends
from July to June encompassing equal portions of two
calendar years (e.g., the 2009 season is comprised of
storms from July to December 2008 and January to
June 2009). The peak activity typically occurs from
December to April when the ITCZ is located in
the Southern Hemisphere and is migrating toward
the equator. Historically, the vast majority of the
landfalling CYCs in the SIO impact Madagascar,
Mozambique, and the Mascarene Islands, including
Mauritius and Réunion.

UTn order to generate consistent basin statistics, the SIO basin
boundary overlaps with the Australian Bureau of Meteorol-

ogy’s operational warning area from 90°E to 105°E.



The historical SIO TC data is probably the least
reliable of all the TC basins (Atkinson 1971; Neumann
etal. 1993), primarily due to a lack of historical record
keeping by individual countries and no centralized
monitoring agency; however, the historical dataset for
the region has been updated (Knapp et al. 2010). The
historical data are noticeably deficient before reliable
satellite data were operationally implemented in the
region beginning about 1983.

The 2008/09 season produced 13 NSs and near-
average numbers of CYCs (5) and MCYCs (3) (Fig.
4.25a). The 1981/2005 averages are 11.8 NSs, 6.4
CYCs, and 3 MCYCs. However, the 2008/09 ACE
index (~70 x 10* kt?) was below the 1981/2005 aver-
age (Fig. 4.25b). With the exception of the 2001-02
season, no other season since the mid-1990s has
produced an above average seasonal ACE in the SIO
basin.

The strongest CY during the season was MCYC
Gael, which developed in the central Indian Ocean
during the first few days of February 2009. As it
moved southwestward, the center of circulation
remained north of the Mauritius and Reunion Is-
lands and slowly became more organized amidst the
warm SSTs and weak upper-level wind shear and
was declared a tropical cyclone on 3 February by
JTWC. Gael quickly intensified just north and west
of Reunion and became a MCYC on 6 February. Gael
began to curve to the south and then east, missing a
direct strike to Madagascar, and the storm remained
at sea as it continued along a southeasterly direction
and eventually dissipated. MCYC Gael reached peak
strength of 120 kt and was responsible for two fatali-
ties on Reunion Island.

The strongest landfalling storm of the season
formed in the Mozambique Channel in mid-January
2009 and remained quasi-stationary as it became bet-
ter organized. By 18 January, Fanele became a tropical
cyclone and intensified rapidly into a MCYC on 20
January with sustained winds of 100 kt. MCYC Fanele
made landfall on the west coast of Madagascar on 21
January in the Menabe Region southwest of Moron-
dava. Weakened severely by the interaction with the
land, Fanele entered the Indian Ocean as a tropical
depression and regained some strength before be-
coming extratropical. At least eight fatalities were
reported as a result of MYC Fanele. Fanele’s landfall
occurred just two days after TS Eric brushed the
eastern coast of Madagascar. The two CYCs impacted
more than 50 000 people and left thousands homeless.
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Fic. 4.25. Annual TC statistics, with long-term mean,
for the S10 over the period of 1970-2009: (a) number
of NSs, CYCs, and MCYCs, and (b) the estimated
annual ACE Index (x 104 kt?) for all tropical cyclones
during which they were at least tropical storm or
greater intensities (Bell et al. 2000). The 1981-2005
base period means are included in both (a) and (b).
Note that the ACE Index is estimated due to a lack
of consistent 6-hr-sustained winds for every storm.

6) SOUTHWEST PAcIFic BASIN—A. M. Lorrey, S. McGree,
and . Renwick

Eight TCs occurred in the Southwest Pacific dur-
ing the 2008/09 season, which was one less than the
long-term average (1969/70 to 2007/08). This was the
most active TC season for the region since 2005/06.
The first TC formed on 28 January, which was the
latest start to the Southwest Pacific TC season since
2000/01. Four systems developed into TCs west of the
international date line and four TCs formed east of
it. Peak activity occurred in March (four TCs), and
December and February were unusually quiet. Only
one TC reached hurricane intensity (sustained wind
speeds of at least 64 kt). TC Hettie was the first to form
in the southwest Pacific during the 2008/09 season
and developed on 28 January to the southeast of Fiji.
This system brought southerly winds and heavy rain
to the central district of Fiji on 28-29 January before
dissipating on 30 January.
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Early on 30 January, a tropical low formed in the
Coral Sea region and intensified into TC Ellie, a
Cat- 1 storm, on 1 February. TC Ellie reached peak
winds of 43 kt and made landfall in Australia on 2
February. Torrential rain from the dying end of this
storm flooded parts of Northern Queensland and
caused damages estimated at $110 million (AUS). TC
Innes was the third to form in the southwest Pacific
and initiated on 13 February as a tropical depres-
sion east of Fiji. On 17 February, after passing over
Vanuatu and moving toward New Caledonia, Innes
was upgraded to a TC. No significant impacts or loss
of life were reported from this system. Subsequently,
on ex-tropical transition, the dying remains of TC
Innes merged with a low pressure system to the east
of Australia that generated significant rainfall in
northern New Zealand.

Four TCs affected the southwest Pacific region
during March. TC Hamish formed off the Australian
coast in the Coral Sea on 5 March. TC Joni followed
on 11 March, and formed near the Southern Cook
Islands and attained a maximum intensity of 55 kt.
Damage in the Southern Cooks from TC Joni was
minimal. TC Ken then formed between Niue and
the Southern Cook Islands on 17 March, attained a
maximum intensity of 50 kt, and did not affect land
areas. TC Jasper entered the southwest Pacific from
the Coral Sea on 24 March with storm intensity and
later passed through New Caledonia’s waters, with
no significant damage reported. Only one TC (Lin)
formed in the basin during April. TC Lin formed on
4 April east of Fiji and passed over Tongatapu on 5
April. Sustained winds for Lin were estimated at 55
kt with gusts up to 80 kt closer to the storm’s center.

7) AusTRALIAN REGION BASIN—B. (. Trewin

The 2008/09 TC season was near normal in the
broader Australian basin (areas south of the Equator
and between 90°E and 160°E!'?, which includes Aus-
tralian, Papua New Guinea, and Indonesian areas of
responsibility). The season produced 10 TCs, equal
to the long-term average. There were four TCs in
the eastern sector' of the Australian region during
2008/09, five TCs in the western sector (one of which

2The Australian Bureau of Meteorology’s warning area over-
laps both the southern Indian Ocean and Southwest Pacific.

13 The western sector covers areas between 90°E and 125°E.
The eastern sector covers areas east of the eastern Austra-
lian coast to 160°E, as well as the eastern half of the Gulf of
Carpentaria. The northern sector covers areas from 125°E
to the western half of the Gulf of Carpentaria.
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formed in the northern sector before moving west),
and one in the northern sector. There were four land-
falls during the season.

The most intense TC of the season was Hamish,
which tracked south-east, parallel to the Queensland
coast, from 5 to 11 March. It reached its maximum
intensity on 7 March while near 19°S, 150°E (approxi-
mately 200 km offshore from Bowen), with estimated
maximum gusts of 160 kt, maximum sustained winds
of 115 kt, and a minimum central pressure of 925
hPa, making it the most intense cyclone observed'*
in the vicinity of the Queensland coast since 1918.
It remained at Cat- 4 or 5 intensity'® for three days.
While Hamish posed a substantial potential threat
to the Queensland coast, it did not make landfall
or approach the coast closely enough to cause any
significant damage on land. However, two lives were
lost at sea, and damage to a ship from the associated
large waves resulted in a serious oil slick and coastal
pollution in the Brisbane area.

Four TCs made landfall during the season, the
strongest being Cat- 2. None caused significant
damage through wind or storm surge, but all were
associated with flooding. Billy made landfall near
Wyndham, Western Australia on 20 December as
a Cat- 2 system, causing minor tree damage and
widespread flooding through the Kimberley region.
The system later reintensified as it moved back over
the ocean and ultimately peaked at Cat- 4 intensity
(maximum gusts 135 kt, maximum sustained winds
95 kt, minimum central pressure 950 hPa) on 24
December, when north of Port Hedland and moving
away from the coast.

Two short-lived Cat- 1 systems affected Queensland
early in 2009. Charlotte made landfall near the Gil-
bert River Mouth, on the east coast of the Gulf of
Carpentaria, on 12 January, while Ellie made landfall
north of Cardwell, on the east coast, on 1 February.
Both moved over areas that were already experienc-
ing flooding and hence exacerbated conditions.
The Herbert River catchment was severely affected,
particularly around Ingham, which received 1481
mm of rain from 25 January to 9 February, including
949 mm from 30 January to 4 February. The heaviest
daily total associated with the system was 497 mm at
Hawkins Creek, northwest of Ingham.

4 Note that it is likely that the intensity of many cyclones
was underestimated prior to the use of satellite data from
the 1970s.

15See http://www.bom.gov.au/weather/cyclone/faq/index.

shtml for a definition of Australian TC categories.



TCHP ancmaly [klem?]

Fic. 4.26. Global anomalies of TCHP corresponding
to 2009 computed as described in the text. The boxes
indicate the seven regions where TCs occur: from
left to right, Southwest Indian, North Indian, West
Pacific, Southeast Indian, South Pacific, East Pacific,
and North Atlantic (shown as Gulf of Mexico and tropi-
cal Atlantic separately). The green lines indicate the
trajectories of all tropical cyclones reaching at least
Cat- | (I-minute average maximum wind 2119 km hr')
and above during November 2008-December 2009 in
the Southern Hemisphere and 2009 in the Northern
Hemisphere. The numbers above each box correspond
to the number of Cat- | and above cyclones that travel
within each box. The Gulf of Mexico conditions during
June-November 2009 are shown in detail in the insert
shown in the lower right corner.

The fourth landfalling system of the season was
Dominic, a Cat- 2 system (maximum gusts 75 kt,
maximum sustained winds 55 kt, minimum central
pressure 976 hPa) which made landfall near On-
slow, Western Australia on 27 January. As for the
Queensland systems, the principal impact was flood-
ing, with daily rainfall totals of 243 mm at Thevenard
Island and 238 mm at Onslow Airport. Of those TCs
that did not make landfall, the most intense was Ilsa,
which peaked at Cat- 3 intensity (maximum gusts
125 kt, maximum sustained winds 90 kt, minimum
central pressure 958 hPa) on 19 March when more
than 1000 km off the Western Australian g

2008,2009), provided that atmospheric conditions are
also favorable. The TCHP shows high spatial and tem-
poral variability associated with oceanic mesoscale
features that can be globally detected with satellite
altimetry TCHP (Goni et al. 2009). In general, the
real-time forecast of TC intensity is highly dependent
on track forecasts and many of the errors introduced
in the track forecast are translated into the intensity
forecast (Mainelli, et al. 2008). Clearly, areas with
high values of TCHP may be important only when
TCs travel over them.

To examine the interannual variability of TCHP
with respect to TCs, TCHP anomalies are computed
during the months of TC activity in each hemisphere:
June through November 2009 in the Northern Hemi-
sphere and from November 2008 through April 2009
in the Southern Hemisphere. Anomalies are defined
as departures from the mean TCHP calculated during
the same months for the period 1993 to 2009. These
anomalies show large variability within and among
the TC basins (Fig. 4.26).

The WNP basin exhibits the anomalies from the
El Nifo conditions, which have been in place in the
equatorial Pacific Ocean since June 2009. Similar to
the conditions during 2008, the South Pacific basin
showed mostly positive anomalies. The NIO basin
exhibited positive values in the Bay of Bengal and
in the Arabian Sea. The Gulf of Mexico (Figs. 4.26,
4.27) showed mostly positive values except for a
small region of negative values, which was probably
due to a different location of the Loop Current. The
tropical Atlantic exhibited mostly positive values,
which is also observed in sea height and SST fields
(http://www.aoml.noaa.gov/phod/regsatprod/atln/
index.php).

The ENP season was very active although the
first named storm of the season did not develop
until late in June, being the latest start of the ENP

coast, near 16°S, 107°E.

e. TC heat potential (TCHP)—G. J. Goni, |. A.

Knaff, and I-I Lin

TCHP is discussed here for the seven TC
basins previously documented as a way to
summarize that activity from a slightly dif-
ferent perspective. The TCHP, defined here
as the ocean heat content contained between
the sea surface and the depth of the 26°C
isotherm, has been shown to be more closely
linked than SST to intensity changes (Shay et
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Fic. 4.28. (Left) TCHP, and surface cooling given by the

post- and pre-storm values of (center) tropical cyclone heat potential and
(right) sea surface temperature, for (from top to bottom) Hs Bill and Rick,

and TY Nida.

hurricane season in 40 years. H Rick reached Cat-5
in mid-October, and became the first Cat-5 ENP H
since Kenna in 2002 and the second strongest ENP
hurricane on record, behind Linda in 1997. H Rick
intensified from Cat- 2 (85 kt, 975 hPa) to Cat- 5 (150
kt, 914 hPa) in one day. Six hours later Rick reached
a maximum intensity of 155 kt just off the southern
coast of Mexico (Fig. 4.28). This rapid rate of inten-
sification occurred while traveling over a region of
very high TCHP (above 70 k] cm™) and in a favor-
able atmospheric environment. This TC weakened
as quickly as it intensified under the influence of
strong upper-level southwesterly wind associated
with an amplified short-wave trough (Cangialosi
and Avila 2010).

The WNP TY season was calmer than average in
the early part of the season (June-August) but became
very active during the later part of the season (Sep-
tember to November). During these three months,
five Cat- 4 and 5 TYs developed, as compared to two
in 2008. This happened despite the general cooling
tendency of TCHP due to EI Nifio (Figs. 4.26 and 4.27)
in the western Pacific in 2009. Although the TCHP in
the western Pacific decreased by about 10-15 kJ cm™
with respect to the average conditions and to 2008
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140E 150°E sified into a Cat- 5 STY on
25 November, reaching peak
winds of 160 kt, according to
the preliminary JTWC best
difference between (., s The track of this TY
travelled from a region of high
(~50 k] cm™2) TCHP values to
over a region of extremely high
(above 100 kJ cm™) values. The strength of this TY
is also independently revealed by its large 10-minute
sustained winds of 115 kt estimated at the same time
in the final best track produced by RSMC Tokyo, the
greatest intensity since TY Jangmi in 2008. However,
the cooling produced by this TY was only of approxi-
mately 1°C, probably because of the very deep warm
and stable surface layer (Fig. 4.28).

ASST (°C)

f- Intertropical Convergence Zones (ITCZ)

[) Paciric—A. B. Mullan

There are two prominent convergence zones in
the Pacific: the ITCZ in the Northern Hemisphere,
lying approximately parallel to the Equator with a
slight poleward tilt on its eastern end and varying
in position from around 5°N-7°N in February-May
to 7°N-10°N in August-November; and the SPCZ,
which extends diagonally from around the Solomon
Islands (10°S, 160°E) to near 30°S, 140°W and is most
active in the November-April half-year. A southern
branch of the ITCZ can also occur but is only appar-
ent in the January-May period and is strongest in La
Nifia years.

Figure 4.29 shows 20°N to 30°S transects of quar-
terly rainfall in the Pacific, as derived from the 0.25



ENSO-neutral
conditions contin-
ued through much
of the second quar-
ter of 2009, with the
Pacific convergence
zones mostly near
their normal posi-
tion and intensity.
During this season,
the SPCZ tends to
contract so that by
June only the far
western end near
Papua, New Guinea
is active; conversely,
the ITCZ strength-
ens on its eastern end
from 150°W east-

ward. In the western
Fic. 4.29. Rainfall rate (mm day~') from TRMM 0.25 degree analysis for the four p,ific (150°E-180°),
quarters of 2009. The separate panels for each quarter show the 2009 rainfall cross- the ITCZ was weaker
section between 20°N and 30°S (solid line) and the 1999-2008 climatology (dotted

line), separately for four 30° sectors from 150°E-180° to 120°W-90°W. on its northern edge

degree resolution NASA TRMM rainfall data (3B-43
product, Huffman etal. 2007). The convergence zones
are clearly evident in the transects over progressive
30-degree longitude bands across the Pacific, where
the 2009 positions can be compared with the short
10-year climatology 1999-2008. TRMM data are
also available for 1998; this year was omitted from
the climatology due to the extremely unusual posi-
tion of the convection on that year, although in fact
the only noticeable effect of including 1998 would
be to increase the rainfall along the equator east of
the international date line during the first quarter
of the year.

La Nifa conditions strengthened at the end of
2008, and during the first quarter of 2009 the conver-
gence zones reflected typical La Nifia characteristics,
with the ITCZ and SPCZ both poleward of their
climatological positions and suppressed convection
evident near the international date line (Fig. 4.29
and the top panel of Fig. 4.30). Many islands of the
southwest Pacific (Vanuatu, New Caledonia, Fiji,
Tonga, Samoa, and southern Cooks) experienced
above-normal rainfall during this season, with Janu-
ary being particularly wet in Fiji where many new
rainfall records were set (ICU 2009). In February, the
southern ITCZ appeared and remained prominent
for the following two months until ENSO-neutral
conditions were established.

STATE OF THE CLIMATE IN 2009

and resulted in per-

sistent very dry conditions in the northern atolls of

the Marshall Islands (PEAC 2009; Fig. 4.29 top right
panel).

El Nifio conditions had established themselves by

July but were initially weak. During the second half

of 2009, the ITCZ east of the date line tended to be

100 150
(% of 1999-2008)

Fic. 4.30. Average rainfall rate from TRMM 0.25
degree analysis for January-March 2009 (top) and
October-December 2010 (bottom), as a percentage
of the 1999-2008 climatology.
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Fic. 4.31. (a) Atlantic ITCZ position inferred from out-
going longwave radiation during May 2009. The colored
thin lines indicate the approximate position for the
six pentads of May 2009. The black thick line indicates
the Atlantic ITCZ climatological position. The SST
anomalies (Reynolds et al. 2002) for May 2009 based
on the 1982-2009 climatology are shaded. (b) SST time
series averaged over the Atlantic warm pool (5°W to
30°W, 0°S to 5°S) for the period 1982-2009. The solid
horizontal central line indicates the climatological
mean. The other solid horizontal lines represent the
upper and lower terciles. The dashed horizontal line
puts the May 2009 record value in climate perspective.

equatorward of its normal position and often more
intense (Fig. 4.29). In the OND quarter the SPCZ
typically reintensifies, but this year the SPCZ was
weak, with suppressed convection in the central por-
tion of the southwest Pacific. Rainfall in the islands
was very variable, but a number of islands (New
Caledonia, Vanuatu, Fiji, Tonga, and French Poly-
nesia) experienced some months of very low rainfall
during this period. By contrast, enhanced convec-
tion occurred along the Equator west of the date line
(Western Kiribati). Fig. 4.30 summarizes this typical
El Nio rainfall pattern; the increased rainfall along
a line from 5°S, 150°W to 20°S, 120°W appears very
significant, but this band of stronger convection is at
the very northeast edge of the SPCZ and the rainfall
amounts are not very large.
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For 2009 as a whole, the TRMM data suggests
rainfall was between 50% and 150% of normal over
most of the equatorial and tropical Pacific (except in
the far eastern sector south of the Equator), reflect-
ing the influence of opposite ENSO phases during
the year.

2) ATLANTIC—A. B. Pezza and C. A. S. Coelho

(i)Description

The Atlantic ITCZ is a well-organized convective
band that oscillates approximately between 5°N and
12°N during July-November and 5°N-5°S during
January-May (Waliser and Gautier 1993; Nobre
and Shukla 1996). As equatorial Kelvin waves can
modulate its interannual variability, ENSO is also
known to influence it on a seasonal scale (Miinnich
and Neelin 2005). In 2009, the Atlantic ITCZ was
influenced by ENSO and the Atlantic SST gradient
between the Northern and the Southern Hemisphere.
A transition occurred from a weak La Nifa (Janu-
ary-March) to El Nifo toward the end of the year,
but the dynamic signature in the Atlantic was also
very marked with a strong SST gradient toward the
Southern Hemisphere during the first half of the year
(warmer toward the south, Fig. 4.31a) changing into
a reversed gradient pattern in the second half. As a
result the ITCZ reached its southernmost position
and maximum intensification in April and May,
rapidly migrating back to the north from mid-June.
The maximum intensification in May was accom-
panied by outbursts of severe convection facilitated
by the ITCZ migrating into the core of the “Atlantic
warm pool” with SSTs of the order of 30°C (Fig.
4.31b) and high values of CAPE producing positive
rainfall anomalies over a large area of northeastern
South America and adjacent ocean near the equator
(Fig. 4.32a and b).

(ii) Air France 447 disaster: Did the Atlantic warm

pool play a role?

These formations are not rare but are within the
variability of an enhanced pattern intrinsic to years
of very active ITCZ. It was unfortunate that a routine
commercial flight between Rio de Janeiro and Paris
starting its trip on the evening of 31 May (Brazilian
time) crossed overnight an area of strong cumulus
towers (cold tops) under development at about 3°N
(Fig. 4.33), crashing into the ocean at about 0200
UTC on 1 June. The accident made headlines inter-
nationally and raised the question as to whether it is
safe to fly over the ITCZ during very active periods.
We note that there is no definite proof of causality
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Fic. 4.32. TRMM (a) mean and (b) anomalous
precipitation rate (mm hr-') for May 2009. The
anomaly was based on the climatology for the period
1982-2008.

between the behavior of the ITCZ and the plane
crash, but evidence suggests that the weather was an
influencing factor. The enhancement observed in
May 2009 was a partial thermodynamic response to
the large warm pool directly underneath the ITCZ
coupled with the dynamic synergy of an already low
static stability in the large scale due to the suppressed
Kelvin wave propagation from the Pacific during a
southern summer of weak La Nifia, which would have
established anticyclonic conditions over the area. The
SST averaged over the Atlantic warm pool in May
was the highest on record for the period from 1982
to 2009, suggesting a connection with the unusual
enhancement observed (Fig. 4.31b).

g. Indian Ocean Dipole (IOD)—]). |. Luo

The IOD is an internal air-sea coupled climate
mode in the tropical Indian Ocean (I0). It can be
driven by the tropical Pacific ENSO or sometimes
occur independently (Luo et al. 2008, 2010). Positive
IOD features anomalous SST cooling in the eastern
10 and weak warming in the west during boreal
summer and fall and vice versa for negative IOD. As-
sociated with its strong nonlinearity, positive IOD is
usually more intensive and predictable than negative
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Fic. 4.33. NOAA GOES-10 infrared satellite photo
with enhanced color scheme depicting the approxi-
mate time of the crash of Air France flight 447 from
Rio de Janeiro to Paris on the morning of | June. The
red circle near the equator indicates the likely position
where the crash occurred.
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Fic. 4.34. (a) Monthly anomalies of SST (°C, solid
lines) and precipitation (mm day''), dashed lines) in
the eastern (IODE, 90E°-110°E, 10°S-0°, blue lines)
and western pole (IODW, 50°E-70°E, 10°S-10°N,
red lines) of IOD. (b) As in (a), but for the |IOD index
(measured by the SST difference between IODW
and IODE) and surface zonal wind anomaly (ms™') in
the central equatorial 10 (70°E-90°E, 5°S-5°N). The
anomalies were calculated relative to the climatology
over the period 1982-2008. These are based on the
NCEP optimum interpolation SST (www.emc.ncep.
noaa.gov/research/cmb/sst_analysis/), NCEP CPC
CAMS_OPI precipitation (http://iridl.ideo.columbia.
edu), and NCEP atmospheric reanalysis data.
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IOD. Following the three unprecedented consecu-
tive positive IODs during 2006-08, SST anomalies
in the tropical IO during June to November 2009
reflected a neutral-to-weak negative IOD condition
(Fig. 4.34). SSTs in the eastern and western tropical
IO were warmer than normal since April-May 2009,
presumably due to more solar radiation reaching the
sea surface associated with the dry conditions there
(Fig. 4.34a). The nearly in-phase relationship between
SST and rainfall anomalies in the western and eastern
poles of IOD during 2005-08 was broken in 2009;
SST anomalies in the two poles during 2009 appear
to be driven by the atmosphere rather than a forcing
of the convection anomalies. Correspondingly, zonal

surface wind anomalies in the central equatorial IO
showed no or less relationship with the west—east SST
gradient during 2009 (Fig. 4.34b). In contrast to the
pronounced low-frequent variations and well-coupled
conditions during 2005-08, the wind anomalies in
2009 were characterized by high-frequency fluc-
tuations in response to active intraseasonal oscil-
lations despite a tendency of strengthening easterly
anomalies associated with the evolution of La Nifna
to El Nifio in the Pacific. By adjusting the equatorial
Walker circulation, ENSO evolution may largely in-
fluence the tropical IO climate, particularly in cases
when the IO internal air-sea coupled processes are
weak. The 2008/09 La Nina event caused more rain-

fall over the equatorial eastern IO
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and Maritime Continent during
DJF; this cooled the local SSTs and
induced westerly wind anomalies
in the central-eastern equatorial
IO (Fig. 4.35a). The westerly winds
drove down-welling equatorial
Kelvin waves and deepened the
oceanic thermocline in the east-

ern IO and along the west coast of
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Sumatra-Java (Fig. 4.36a). An IO
basin-wide cooling condition, fre-
quently observed several months
after La Nifna peak, was however,
not well developed in early 2009
(Figs. 4.35a and 4.35b). Warmer
o SSTs occupied the southwestern

10, northeastern Arabian Sea
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and Bay of Bengal; this appears to
be associated with deeper-than-
normal thermocline in these areas
(Figs. 4.36a and 4.36b).

During March-May, warmer
SST anomalies started to develop
in the western equatorial IO ow-
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ing to less cloud condition there
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(Fig. 4.35b). This is related to the
La Nifa influence and completely
decoupled from the local cold
subsurface signal (Fig. 4.36b).
The cold subsurface signal in the
western IO during December
2008 to May 2009 reflected as

[
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110E 120E eastward-propagating equatorial

_15"' upwelling Kelvin waves and raised

the thermocline in the eastern IO

FiG. 4.35. SST and surface wind anomalies during (a) Dec-Feb 2008-09, (Fig. 4.36¢). Meanwhile, the origi-

(b) Mar-May 2009, (c) Jun—Aug 2009, and d) Sep-Nov 2009.
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nal warm subsurface signal in the



eastern IO reflected as a pair of westward-propagating
downwelling Rossby waves and reached the west dur-
ing JJA; this contributed to the rapid enhancement of
the surface warming in the western equatorial IO (Fig.
4.35¢). An off-equatorial warm Rossby wave at 10°S
also propagated slowly westward from ~73°E to ~53°E
during the period from December 2008 to November
2009 (Fig. 4.36). However, it appears to have had little
contribution to the western IO SST warming from
March to November. Forced by more solar radiation
associated with the less cloud condition, SSTs in the
eastern IO became warmer than normal during June-
August despite the local cold subsurface signal (Figs.
4.35c and 4.36¢). The warmer SSTs generated a local

wind convergence and deepened the thermocline in
the eastern IO which in turn helped to intensify the
surface warming (Figs. 4.35d and 4.36d). This led to
a weak negative IOD index during September-No-
vember, in contrast to what has been often observed
during El Nifio developing years. The weak negative
IOD condition may have caused more rainfall in the
eastern IO and Maritime Continent and reduced the
short rains in eastern Africa during the boreal fall
season, which is counter to the remote influence of
the developing El Niio. It is also possible that the
eastern IO SST warming might have hampered the
El Nifo development during 2009 (Luo et al. 2010).
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FiG. 4.36. As in Fig. 4.35, but for the upper 300-m mean ocean tempera-
ture anomalies based on the NCEP ocean reanalysis (available at www.
cpc.ncep.noaa.gov/products/GODAS/).
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THE FORGOTTEN SUB-BASIN—THE CENTRAL NORTH PACIFIC

(CNP) REEMERGES WITH A FURY IN 2009—0D. H. LEVINSON

The CNP, between 140°W and the international date line,
is best described as a “sub-basin” of the ENP; no other analog
exists in the other global TC basins. On average the CNP ex-
periences four to five TCs per season (Blake et al. 2009). These
are typically systems that have propagated westward from the
ENP basin where they originally developed in the monsoon
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Fic. 4.37. Annual TC activity in the CNP, 1971-2009,
with seasonal totals of: TCs including TDs (brown),
NSs (green), Hs (purple), and MHs (yellow diamonds).
Circles at top denote the ENSO phase (El Nifo: red,
La Nifa: blue) for each TC season.

trough west of Mexico and Central America. However, every
few years the CNP becomes more active for tropical cyclogen-
esis and storm formation occurs in situ within the sub-basin,
well outside of the Main Development Region of the ENP.
Therefore, the CNP is an unusual and transient region of TC
activity, where the atmospheric and oceanic conditions can be
termed “enhanced” or “quiescent” based on large-scale syn-
optic patterns typically associated with the ENSO phase (Chu
and Wang 1997; Chu and Clark 1999; Chu 2002). The 2009 TC
season was one such year when the CNP was in an enhanced
phase, as seven TCs were officially tracked by NOAA’s CPHC,
with four of these systems developing within the sub-basin.
The rarity of TC activity in the CNP has been known for
a long time (e.g., Wann 1974; Chu and Wang 1997; Chu and
Clark 1999), but improved monitoring due to satellite coverage
since the late 1960s has allowed for a more complete picture
of the historical variations of activity in the sub-basin. Figure
4.37 shows the time series of TC activity in the CNP in terms
of all TC types (including TDs) since 1971. It is clear from Fig.
4.37 that the sub-basin experiences pronounced interannual
and interdecadal variability in the frequency of TC occur-
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rences. Also plotted in Fig. 4.37 are the ENSO phases during
July—October when the majority of TC activity occurs in the
CNP. Since 1971, most of the enhanced TC seasons have oc-
curred in conjunction with El Nifio warm events, although
there have been several notable exceptions, such as in 1978,
1985, and 1992.

The CNP sub-basin also exhibits longer-term, multidecadal
periods of enhanced and diminished TC activity similar to
the ENP basin as a whole (and inverse to the North Atlantic;
Wang and Lee 2010). Previous studies identified epochs of
lower activity and higher activity associated with changes in
the large-scale atmospheric and oceanic conditions, especially
during the peak H season (July—September). Specifically, the
period 1982—1994 is clearly an active epoch, one with warmer
SSTs, lower mean sea level pressures, anomalously stronger
low-level cyclonic vorticity, reduced vertical wind shear, and
increased precipitable water content across the region (Chu
and Clark 1999; Chu 2002). Despite the current quiescent
period that began in 1995, enhanced TC activity has occurred
in conjunction with El Nifo events, which is an obvious con-
cern for the Hawaiian Islands due to the increased probability
of TCs developing and impacting the islands (Chu and Wang
1997; Chu and Wang 1998). With the development of an El
Nino during the boreal summer, the 2009 season was clearly a
more active one. Of note was the formation of MH Neki (Fig.
4.38) that reached Cat- 3 intensity (peak winds of 105 kt), and
was the first MH to develop in the sub-basin since 2006 (also
an El Nino year). Therefore, the CNP sub-basin reemerged
in 2009, which was the most active season in the region since
the influence of the strong El Nifio in 1997.

Fic. 4.38. Merged METOP-A/AVHRR image on 21 Oct
as MH Neki was located southwest of the Hawaiian
archipelago. Maximum sustained winds were about
105 kt (Cat-3) at this image time (2000 UTC), which
was during the period of peak intensity for the storm.



5. THE ARCTIC—]. Richter-Menge, Ed.
a. Overview—/. Richter-Menge

The permanent presence of sea ice, ice sheets and
continuous permafrost are defining features of the
polar regions. The Arctic is further distinguished
because it sustains a human population in a harsh
environment. In this chapter we highlight observa-
tions that indicate changes and trends in the state of
the physical components of the Arctic system, includ-
ing the atmosphere, ocean, sea ice cover, land, and
Greenland. In 2009 there continued to be widespread
evidence of the impact of a general, Arctic-wide
warming trend in surface air temperatures over land,
evident since the mid-1960s. Significant regional and
temporal variability was also widely apparent, tem-
pering the dramatic evidence of warming reported
in recent years (e.g., a record positive surface air
temperature anomaly in 2008, record summer sea ice
minimum extent in 2007, and record ocean surface
temperature anomalies in 2007).

Surface temperature anomalies (relative to a
1961-90 reference period) highlight the major feature
of current Arctic conditions: an Arctic amplification
of temperature anomaly of a factor of two or more,
relative to more southerly latitudes. Below normal
precipitation (with reference to the 1971-2000 base
period) led the Greenland ice sheet surface mass bal-
ance in 2009 to be 25% to 50% less positive than nor-
mal, despite below-normal melting and runoff across
much of the ice sheet below ~1800 m altitude. The 34
widest marine-terminating glaciers in Greenland lost
101 km? ice area in 2009, within a remarkably linear
(R =-0.99) annual loss rate of =106 km? over the
past decade. The 2008/09 Arctic snow-cover season
marked a continuation of relatively shorter snow
seasons, due primarily to an early disappearance of
snow cover in spring. Observations show a general
increase in permafrost temperatures during the last
several decades in Alaska, northwest Canada, Sibe-
ria, and Northern Europe. Changes in the timing of
tundra green up and senescence are also occurring,
with earlier green up in the High Arctic and a shift
to a longer green season in fall in the Low Arctic.
The 2009 summer minimum sea ice extent was the
third-lowest recorded since 1979. Surface ocean tem-
peratures remained relatively warm and surface water
was much fresher than in the 1970s.

Linkages between the various elements of the
Arctic systems continue to emerge. For instance,
tendencies in the magnitude and distribution of up-
per ocean temperatures are observed to be strongly
dependent on changes in the characteristics (e.g.,
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pace and location) of the summer sea ice retreat and
their effect on local atmospheric warming. The heat
accumulated in the surface and near-surface layers of
the ocean during the summer is then released back to
the atmosphere in the following autumn, impacting
temperatures in the lower troposphere. The coupling
between the atmosphere, ocean, and sea ice has also
impacted the overall characteristics of the Arctic
sea ice cover, which is now dominated by relatively
thin seasonal ice. The effects of the retreating sea
ice also influence the temperature and vegetation of
adjacent lands. Temporal analyses generally show
that, within a specific region, periods of lower sea
ice concentration are correlated with warmer land
surface temperatures and an increase in the amount
of live green vegetation in the summer. In the Eur-
asian river drainage basins, the correlation between
river discharge and sea ice extent, over the period
1979-2008, is greater than the correlation between
precipitation and runoff.

b. Atmosphere—]. Overland, M. Wang, and ]. Walsh

The annual mean temperature for 2009 over Arctic
land areas was cooler than in recent years, although
the average temperature for the last decade remained
the warmest in the record beginning in 1900 (Fig.
5.1). The 2009 average was dominated by very cold
temperatures in Eurasia in February (the coldest of
the decade) and December, while the remainder of the
Arctic remained warm (Fig. 5.2). The spatial distribu-
tion of annual temperature anomalies for 2009 has a
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Fic. 5.1. Arctic-wide annual average surface air temper-
ature anomalies relative to the 1961-90 mean, based
on land stations north of 60°N from the CRUTEM 3v
dataset, available online at www.cru.uea.ac.uk/cru/
data/temperature/. Note this curve does not include
marine observations.
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NCEP/NCAR Reanalysis
1000mb air (C) Composite Anomaly 1968-1588 climo

Feb 2009

Fic. 5.2. Near-surface (1000 mb) air temperature in °C
anomalies for February 2009. Anomalies are relative
to the 1968-96 mean, according to the NCEP-NCAR
reanalysis through the NOAA/Earth Systems Research
Laboratory, generated online at www.cdc.noaa.gov.

NCEP/NCAR Reanalysis
1000mb air (C) Composite Anomaly 1968-1985 climo

Jan to Dec: 2009

Fic. 5.3. Near-surface (1000 mb) annual air tem-
perature in °C anomalies for 2009 over the Northern
Hemisphere relative to 1968-96 mean according to
the NCEP-NCAR reanalysis through the NOAA/
Earth Systems Research Laboratory, generated on-
line at www.cdc.noaa.gov. Arctic amplification of air
temperature anomalies are a factor of two or more
relative to lower latitudes.
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pattern with values greater than 2.0°C throughout
the Arctic, relative to a 1968-96 reference period (Fig.
5.3). These anomalies show the major feature of cur-
rent Arctic conditions: a factor of two (or more) am-
plification of temperature relative to lower latitudes.

As noted in the Arctic sea ice section, September
2009 had the third minimum sea ice extent relative
to the period when observations began in 1979. Al-
though 2009 did not have a record sea ice minimum

NCEPINCAR Reanalysis
B50mb air (C) Composite Anomaly 1968-1995 climo

- L] i

I I
F

Fic. 5.4. Lower tropospheric (850 hPa) air tempera-
ture in °C anomalies for October 2009 relative to
the 1968-96 mean according to the NCEP-NCAR
reanalysis through the NOAA/Earth Systems Research
Laboratory, generated online at www.cdc.noaa.gov.

in September, there were still extensive regions of
open water in the Chukchi, East Siberian Laptev, and
Kara Seas (see sea ice section below, Fig. 5.11), which
allowed extra solar and longwave radiation to be
absorbed by the ocean (see ocean section below, Fig.
5.5). This heat can be released back to the atmosphere
the following autumn. This release of heat impacted
temperatures in the lower troposphere (Fig. 5.4) with
consequences for regional and far field wind patterns
through horizontal gradients in the 500-1000 hPa
thickness fields (Overland and Wang 2010).

The year 2009 ended with record-setting negative
values for the Arctic Oscillation (AO) index, a condi-
tion favoring meridional (north-south) atmospheric
flow. Thus, December 2009 and early 2010 exhibited
extremes in both warm and cold temperatures with
record-setting snow across lower latitudes. Northern
Eurasia (north of 50° latitude to the Arctic coast)



and North America (south of 55° latitude) were par-
ticularly cold (monthly anomalies of —2°C to -10°C).
Arctic regions had anomalies of +4°C to +12°C. While
individual weather events cannot be directly linked
to larger scale climate changes, recent data analysis
and modeling suggest a link between loss of sea ice
and a shift to an increased impact from the Arctic
on midlatitude climate (Francis et al. 2009; Honda
et al. 2009).

c. Ocean—A. Proshutinsky, M.-L. Timmermans, 1. Ashik, A. Beszc-
zynska-Moeller, E. Carmack, 1. Frolov, R. Krishfield, F. McLaughlin,
J. Morison, 1. Polyakov, K. Shimada, V. Sokolov, M. Steele, J. Toole,
and R. Woodgate

1) CIRCULATION

In 2009, the annual wind-driven ocean circulation
regime can be characterized as cyclonic (counter-
clockwise), with a Beaufort Gyre that is significantly
reduced in strength and a Transpolar drift that is
effectively nonexistent (Fig. 5.5). This is the first
time that an annual cyclonic circulation regime has
been observed in the Arctic since 1997. The anticy-
clonic circulation regime that persisted through 2008
lasted at least 12 years instead of the typical 5-8 year
pattern [as reported in Proshutinsky and Johnson
(1997), who analyzed statistics of Arctic circulation
regimes between 1948 and 1989]. The climatological
seasonal cycle of the Arctic has anticyclonic ice and
ocean circulation prevailing in winter and cyclonic

Fic. 5.5. Simulated circulation patterns of the upper-ocean wind-driven circulation in 2007 (top),
2008 (middle) and 2009 (bottom). Annual, winter, and summer circulations are shown in the left,

center, and right panels, respectively.
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Surface-
layer waters
in the Arctic
Ocean in 2009
remained
much fresher
than in the
1970s (Timok-
hov and Tanis
1997, 1998). In
the Beaufort
Gyre, fresh-
water content
in 2009 (Fig.
5.7) was com-
parable to the
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FiG. 5.6. Satellite-derived summer (JAS) SST anomalies (Reynolds et al. 2002) in 2007 (left),
2008 (middle), and 2009 (right) relative to the summer mean over 1982-2006. Also shown
is the Sep mean ice edge (thick blue line).

circulation in summer. Since 2007, this seasonality
has changed dramatically. In 2007, both summer and
winter circulations were very strongly anticyclonic
(Fig. 5.5, top panels) and resulted in the unprece-
dented reduction of the Arctic Ocean summer sea ice
cover. In 2008, the winter circulation was anticyclonic
but the summer circulation was unusual with a well-
pronounced Beaufort Gyre and a cyclonic circulation
cell north of the Laptev Sea (Fig. 5.5, middle panels).
In 2009 (Fig. 5.5, bottom panels), the circulation
reversed relative to climatology in both winter and
summer: it was anticyclonic in summer (instead of
cyclonic) and cyclonic in winter (instead of anticy-
clonic). These wind-driven conditions significantly
influenced the characteristics of the sea ice cover,
oceanic currents, ocean freshwater and heat content
observed during 2007-09.

2) WATER TEMPERATURE AND SALINITY

Maximum upper ocean temperatures in sum-
mer 2009 continued to decline since the historical
extreme in summer 2007 (Fig. 5.6). This tendency is
strongly linked to changes in the characteristics (e.g.,
pace and location) of the summer sea ice retreat and
their effect on local atmospheric warming (Steele et
al. 2010, manuscript submitted to J. Geophys. Res.).
Surface warming and sea ice reduction in the Canada
Basin has also been accompanied by the widespread
appearance of a near-surface temperature maximum
at 25-35 m depth due to penetrating solar radiation
(Jackson et al. 2010). As described in the Arctic atmo-
sphere section, the heat accumulated in the surface
and near-surface layers of the ocean can be released
back into the atmosphere in the fall—a cycle that is
likely to influence sea ice conditions in the future.
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2008 freshwa-
ter conditions, with the exception of the southwest
corner of the Canada Basin. In this region, the fresh-
water accumulation was increased relative to 2008
by approximately 0.4 km? under enhanced Ekman
pumping and sea ice melt in this region. In total,
during 2003-09 the Beaufort Gyre (Proshutinsky et
al. 2009) has accumulated approximately 5000 km? of
freshwater (from 17 300 km? in 2003 to 22 300 km? in
2009), which is 5800 km? larger than climatology of
the 1970s (Timokhov and Tanis 1997, 1998).

Hydrographic surveys conducted in 2007-09 sum-
mer (Fig. 5.7) in the Canada Basin indicate that in
2007 and 2008 there were two shallow temperature
maximums in the upper Pacific water layer. However,
in 2009, the heat content in this layer was reduced.

Atlantic Water layer maximum temperature
anomalies for 2007-09 (Fig. 5.8) were calculated rela-
tive to the 1970s (Timokhov and Tanis 1997, 1998;
Polyakov and Timokhov 1994). The 2007-09 Atlantic
Water layer data were derived from ship-based and
Ice-Tethered Profiler (ITP) instruments. In 2007-09,
the temperature anomalies were generally higher on
the Eurasian side of the Lomonosov Ridge, reaching
a maximum of up to 1.5°C along the Eurasian Basin
boundaries. Warming was less pronounced in the
Canada Basin. There was little to no temperature
anomaly (<0.1°C) at the southeast boundary of the
Canada Basin or in the basin boundary regions ad-
jacent to Greenland and the Canadian Archipelago.
Negative (cooling) temperature anomalies were de-
tected in the vicinity of Nares Strait. Considering
2009 data alone, the warming pattern remained simi-
lar with the major difference being that maximum
temperature anomalies along the Eurasian Basin
boundaries were lower (<1.0°C).
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heat content to 1000m freshwater relative to 34.8 (m)

Fic. 5.7. Summer heat (I x 10'°) m-2) (left) and fresh-
water (m) content (right) in the 1970s, 2007, 2008, and
2009. The top two panels show heat and freshwater
content in the Arctic Ocean based on 1970s climatol-
ogy (Timokhov and Tanis 1997, 1998). The bottom
six panels show heat and freshwater content in the
Beaufort Gyre based on hydrographic surveys (black
dots depict locations of hydrographic stations). For
reference, this region is outlined in black in the top
panel of each column. The heat content is calculated
relative to water temperature freezing point in the
upper 1000m ocean layer. The freshwater content is
calculated relative to a reference salinity of 34.8.

STATE OF THE CLIMATE IN 2009

1.25

(0.75

0.25

Fic. 5.8. 2007-09 Atlantic water layer temperature
maximum anomalies relative to climatology of Timok-
hov and Tanis (1997, 1998).
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Fic. 5.9. Mean temperature of Atlantic water (AW,
defined with TAW >1°C) and the AW volume inflow in
the West Spitsbergen Current, northern Fram Strait
measured by the array of moorings at 78°50’N.

The characteristics of the Atlantic Water layer
discussed above are regulated by the Atlantic water
parameters in the Fram Strait (Fig. 5.9), where the
Atlantic water inflows to the Arctic Ocean. After
reaching a maximum in 2006, the temperature of
Atlantic water in Fram Strait decreased until 2008. In
2009, Atlantic water temperature and salinity in the
northern Fram Strait started to rise again, returning
to their long-term means. The late winter of 2008
and early spring of 2009 were also characterized by
a higher Atlantic water volume inflow with the West
Spitsbergen Current as compared to 2005-07 (Fig.
5.9).

The Bering Strait is another important gateway to
the Arctic Ocean. Preliminary analysis of mooring
data from the Bering Strait does not suggest a repeat
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of the very high heat fluxes from 2007 (Woodgate > N SL umulu 193 B s i i ail i ]

et al. 2010). Temperatures in 2008 were generally - 5L trend corrected for GIA = 2.57 mm/year 1
cooler than in 2007, reaching only 2°C-3°C in oo LRGS0 PR 1
near-bottom temperature, compared to 4°C-5°C
in 2007. Similarly, by the time of mooring turn-
around in 2009, water temperatures were about
a degree colder than the same month (August) in
2007. These cooler temperatures are more in agree-
ment with temperatures of 2000-06 in the strait.

An interesting change in ocean geochemistry
was observed in the Canada Basin in 2008 and
2009. The input of sea ice meltwater, in combina- 7
tion with CO, uptake and global ocean acidifica- = B
tion, caused the surface waters of the Canada Basin ~ |iiies P - TR I -
to become corrosive to calcifying organisms in 1850 196 1670 1880 1990 2000

the upper layer in 2008 (Yamamoto-Kawai et al, FiG. 5.10. Five-year runnin me::a:ime series of: the annual
2009). This is the first deep basin observation of """ " 4 8 :

. R mean sea level at nine tide gauge stations located along the
aragonite undersaturation in surface waters. In Kara, Laptev, east Siberian, and Chukchi Seas’ coastlines

2009 the areal extent of surface waters unsaturated (black line); anomalies of the annual mean Arctic Oscilla-
in aragonite, a form of calcium carbonate produced tion (AO) Index multiplied by 3 (red line); sea surface at-
by marine organisms) increased. The increased mospheric pressure at the North Pole (from NCAR-NCEP
stratification and decrease in upper-layer nutrient reanalysis data) multiplied by -1 (dark blue line); annual
sea level variability (light blue line). Dotted lines depict
estimated trends for SL, AO, and SLP.

AOQ, SL (cm) and SLP (hPa)
=
; .

concentrations has also resulted in an increase
in the number of picoplankton and a decrease in
nanoplankton. Shifts such as these may alter the food  scribed in section 5c1) and/or due to steric effects

web in the future (Li et al. 2009). associated with the reduction of surface ocean warm-
ing and freshening rates (section 5¢2). Ocean cooling
3) SEA LEVEL and salinification both result in sea level decrease.

Fig. 5.10 shows sea level
(SL) time series from nine
coastal stations in the Si- = September
berian Seas, having rep-
resentative records for the
period of 1954-2009 (Arc-
tic and Antarctic Research
Institute data archives).
In 2009, the SL along the
Siberian coastline has sig-
nificantly decreased rela-
tive to 2008. This caused
a slight reduction in the
estimated rate of SL rise
for the nine stations over
the period, to 2.57 + 0.45
mm yr! (after correction
for glacial isostatic adjust-
ment, GIA). The chang-
ing SL rise tendency may
be due to the substantial
change in the wind-driven ~ FiG. 5.11. Sea ice extent in March 2009 (left) and September 2009 (right), illus-
ocean circulation regime trating the respective winter maximum and summer minimum extents. The
magenta line indicates the median maximum and minimum extent of the ice
cover, for the period 1979-2000. (Source: National Snow and Ice Data Center.)

(less anticyclonic, as de-
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d. Sea ice cover—D. Perovich, R. Kwok, W. Meier, S. <0 7 ' L : y :
. . . —s—March

Nghiem, and J. Richter-Menge 10F —s—September 1

1) SEA ICE EXTENT 2 a I |

Sea ice extent is the primary parameter for E I !
summarizing the state of the Arctic sea ice = -10F .
cover. Microwave satellites have routinely and E 20 i . 1
accurately monitored the extent since 1979. & el
There are two periods that define the annual ~ -30F /!
cycle and thus are of particular interest: March, 40 [ '|_/' ]
at the end of winter when the ice is at its maxi- 1 L L 4 L L

. . 1978 1983 1988 1983 1988 2003 2008

mum extent, and September, when it reaches its year
annual minimum. Ice coverage maps for March Fic. 5.12. Time series of the percent difference in ice extent

2009 and September 2009 are presented in Fig.
5.11, with the magenta line denoting the median
ice extent for the period 1979-2000.

The March 2009 maximum ice extent was
15.2 million km?, the same as in 2008 and only
4% less that the 1979-2000 average of 15.8 mil-
lion km?. On 12 September 2009 sea ice extent
reached a 2009 minimum of 5.1 million km?. The
2009 summer minimum is the third-lowest recorded
since 1979. It was 0.6 km? greater than 2008 and 1.0
km? above the record low in 2007 (an increase of 25%
compared to 2007). Surface air temperatures through
the 2009 summer were relatively cooler, particularly
in the Chukchi and Beaufort seas. Winds in 2009 also
tended to disperse the ice pack over a larger region.
While the 2009 minimum extent was an increase over
the two previous years, it was still 1.6 million km?
(~10%) below the 1979 to 2000 average minimum.
By December 2009 the ice extent had increased to 12.5
million km?, the fourth lowest December extent on
record. This relatively slow recovery was due in part
to a strongly negative Arctic Oscillation in the fall,
an atmospheric circulation pattern that promotes
meridional flow and relatively warm air temperatures
in the Arctic.

The time series of the anomalies in sea ice extent
in March and September for the period 1979-2009

o
(¥

2007

1 Maeh

Fic. 5.13. Arctic sea ice distribution in March of 2007, 2008, and 2009. Multiyear ice
is in white, mixed ice aqua, first-year ice teal, and ice with melting surface red. Dark
blue is for open water and brown for land. Figure courtesy of Son Nghiem.
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in March (the month of ice extent maximum) and September
(the month of ice extent minimum) relative to the mean val-
ues for the period 1979-2000. Based on a least squares linear
regression for the period 1979-2009, the rate of decrease for
the March and September ice extents is -2.5% and -8.9% per
decade, respectively.

are plotted in Fig. 5.12. The anomalies are computed
with respect to the average from 1979 to 2000. The
large interannual variability in September ice extent
is evident. Both winter and summer ice extent exhibit
a negative trend, with values of -2.5% per decade for
March and -8.9% per decade for September over the
period 1979-20009.

2) SEA ICE AGE AND THICKNESS

The age of the sea ice is another key descriptor
of the state of the sea ice cover, since older ice tends
to be thicker and more resilient than younger ice. A
simple two-stage approach classifies sea ice into first
year and multiyear ice. First-year is ice that has not yet
survived a summer melt season, while multiyear ice
has survived at least one summer and can be several
years old. Satellite derived maps of ice age for March
0f 2007, 2008, and 2009 are presented in Fig. 5.13.

In the past decade, the extent of multiyear sea ice
rapidly reduced at a rate of 1.5x106 km® per decade,
triple the reduction rate during the three previous
decades (1970-2000).
Springtime multi-
year ice extent was
the lowest in 2008 in
the QuikSCAT data
record since 2000
(Nghiem et al. 2007).
QuikSCAT results in
March 2009 showed
amultiyear ice extent
of 3.0 £ 0 .2 million
km?2. This was 0.3
million km? larger
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Fic. 5.14. (a) Winter Arctic Ocean sea ice thickness from ICESat
(2004-08). The black line shows the average thickness of the ice
cover while the red and blue lines show the average thickness in re-
gions with predominantly multiyear and first-year ice, respectively.
(b) Interannual changes in winter and summer ice thickness from
the submarine and ICESat campaigns within the data release area
for a period of more than 30 years. The data release area covers ap-
proximately 38% of the Arctic Ocean. Blue error bars show the un-
certainties in the submarine and ICESat datasets (Kwok et al. 2009).

are explained almost entirely by thin-
ning and loss of multiyear sea ice due
to melting and ice export. The total
multiyear ice volume in the winter
experienced a net loss of more than
40% in the four years since 2005 while
the first year ice cover gained volume
due to increased overall coverage of
the Arctic Ocean. These changes have
resulted in seasonal ice becoming the
dominant Arctic sea ice type, both in
terms of area coverage and of volume.
In 2008, seasonal ice covered more
than two-thirds of the Arctic Ocean.
In Fig. 5.14b the recent satellite esti-
mates (ICESat) are compared with the
longer historical record of declassified
sonar measurements from U.S. Navy
submarines (Kwok et al. 2009; Ro-

(11% increase) than the multiyear ice extent on the
same date in 2008, even though the total sea ice extent
was similar in the spring of 2008 and 2009. While
the multiyear ice extent was similar in March 2008
and 2009, its distribution was quite different. More
specifically, in 2008 there was a significant amount
of multiyear ice in the Beaufort Sea and in 2009 there
was a large amount of multiyear ice in the central
Arctic Ocean.

Changes in ice age also have implications for
the average ice thickness (Haas et al. 2008; Kwok
2007; Maslanik et al. 2007; Giles et al. 2008). Recent
estimates of Arc-
tic Ocean sea ice
thickness from
satellite altimetry
show a remark-
able overall thin-
ning of ~0.6 m
between 2004 and ®* /
2008 (Fig. 5.14a).
Since the average
thickness of the
thinner first-year
ice in midwinter ~dd 0
(~2 m) did not ex-
hibit a downward
trend (blue line in

___LNNNEEEEEY . ___UNNE

throck et al. 2008). Multiple regression of the subma-
rine data was used to separate interannual changes,
the annual cycle, and spatial changes. Within the
submarine data release area (covering ~38% of the
Arctic Ocean), the overall mean winter thickness of
3.6min 1980 can be compared to a 1.9 m mean during
the last winter of the ICESat record in 2008, a decrease
of 1.7 min thickness. This combined submarine and
satellite record shows a long-term trend of sea ice
thinning over submarine and ICESat records that
span three decades.

Fig. 5.14a), the de-
clines in total vol-
ume and average Fic. 5.15. Magnitude (unitless, left) and percentage (right) change of maximum NDVI
thickness (black from 1982 to 2008 for the circumpolar arctic tundra region. Colors show changes only
within the area north of the Arctic tree line. Color scales are not linear (Bhatt et al.
2009, manuscript submitted to Earth Interactions).
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line in Fig. 5.14a)
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e. Land
1) VEGETATION—D. A. Walker, U. S. Bhatt, ]. C. Comiso, H.
E. Epstein, W. A. Gould, G. H. R. Henry, G. J. Jia, 5. V. Kokelj,
T. C. Lantz, ). A. Mercado-Diaz, |. E. Pinzon, M. K. Raynolds,
G. R. Shaver, C. ). Tucker, C. E. Tweedie, and P. . Webber

The summer greenness of Arctic tundra vegetation
as measured using the maximum Normalized Dif-
ference Vegetation Index (MaxNDVI) has generally
increased during the period 1982-2008 (Fig. 5.15).
Changes in MaxNDVT are much greater in North
America (9% increase) than Eurasia (2%). Coher-
ent temporal relationships between near coastal sea
ice, summer tundra land surface temperatures, and
vegetation productivity have been demonstrated
using Advanced Very High Resolution Radiometer
(AVHRR)-derived 3g NDVI data (Pinzon et al. 2009,
manuscript submitted to EOS, Trans. Amer. Geophys.
Union; Bhatt et al. 2009, manuscript submitted to
Earth Interactions). Absolute MaxNDVI changes are
by far the greatest in the northern Alaska/Beaufort
Seaarea (0.09 AVHRR NDVI units), whereas the per-
centage changes have been highest in the Baffin Bay,
Beaufort Sea, Canadian Archipelago, and Davis Strait
areas (10-15% changes) (Fig. 5.15). The changes in
NDVT are positively and significantly correlated with
changes in summer Arctic land surface temperatures.
Yearly variations in summer land temperatures are
strongly and negatively correlated with yearly varia-
tions in the summer coastal sea ice (Bhatt et al. 2009,
manuscript submitted to Earth Interactions). These
observations support model projections that the
Arctic land surfaces should warm as a result of the
reduced summer extent of sea ice (Bhatt et al. 2008;
Lawrence et al. 2008) and furthermore indicate that
tundra ecosystems are responding to the increased
summer warmth. Changes in the timing of tundra
green up and senescence are also occurring. Green
up is earlier in the cold sparsely vegetated high
latitudes, whereas a shift to a longer green season is
occurring during the fall in the more continuously
vegetated southern Arctic (Jia et al. 2009). These
changes are evident through the analysis of NOAA
AVHRR satellite data in the Canadian Arctic for the
period 1982-2003.

The greening trends observed in the satellite data
are now supported by quantitative, long-term in situ
vegetation measurements from the International
Tundra Experiment (ITEX) and the Back to the Fu-
ture (BTF) projects. As in the satellite measurements,
the most evident changes appear to be occurring first
in the sparsely vegetated areas of the far North. A
study of plots at Alexandra Fiord, Ellesmere Island,
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is the first to demonstrate significant changes in above
and below ground biomass over the last 25-30 years (Hill
and Henry 2010; Hudson and Henry 2009) (Fig. 5.16). In
addition, there has been a change in the relative abundance
of species with an increase in the dominant species over
this same time period. The changes in the tundra plant
communities are most likely in response to the increase
in temperature over the past 35 years of between 0.6°C-
1.0°C per decade, with the strongest increases seen in
the winter temperatures. The increases in biomass also
correspond with longer growing seasons, with extensions
into the late summer and with deeper active layers (depth
of summer soil thawing). In another far-north Canada
study, repeat photographs of permanent vegetation study
plots 46 years after their initial installation near the Lewis
Glacier, Baffin Island, document rapid vegetation changes
along the margins of large retreating glaciers (Johnson et
al. 2009b; P. . Webber and C. E. Tweedie 2009, personal
communication).

Further south, in the more lush tundra near Toolik
Lake, a detailed analysis of a 20-year record (1989-2008)
of tundra vegetation structure and composition from a set
of 156 permanent monitoring plots indicates a general in-
crease in above ground biomass (Gould and Mercado-Diaz
2008). Over the last two decades the relative abundance of
vascular vegetation increased by 16%, while the relative
abundance of nonvascular vegetation decreased by 18%.
The canopy height, as well as the extent and complexity
of the canopy have been increasing over time with the
amount of horizontal surface having multiple strata in-
creasing from about 60% to 80%.
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FiG. 5.16. Above ground biomass index by plant functional

type for 18 permanent vegetation plots at Alexandra
Fiord, Ellesmere Island, Canada, in 1995, 2000, and
2007. Values were the mean number of living tissue hits
per plot using the point intercept method. Total live
vegetation, bryophytes, and evergreen shrubs increased
significantly over the period at p = 0.05. (Hudson and
Henry 2009).
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The frequencies of landslides, thermokarst features
(irregular land surfaces formed in permafrost regions
by melting ground ice), and fires have been noted in
several areas of the Arctic (B. Jones et al. 2009; Kokelj
etal. 2009; Lantz 2008; Lantz and Kokelj 2008; Walker
etal. 2009; Leibman and Kizyakov 2007; Ukraientseva
2008). Warmer soil temperatures, melting permafrost,
more abundant water, and increased nutrients on
these features result in their pronounced greening.

In late summer 2007, the Anaktuvuk River fire
near the University of Alaska’s Toolik Lake Field
Station burned almost 1000 km?. It is the largest
known fire to occur in northern Alaska and offered
an opportunity for detailed analysis of the changes to
the tundra energy and nutrient balance (Liljedahl et
al. 2007) and spectral properties (Rocha and Shaver
2009). The burning itself released ~1.9 million metric
tons of carbon to the atmosphere, which was about
30% of the carbon stock within the vegetation and ac-
tive layer of this area (M. C. Mack, unpublished data).

2) PermarrROST—V. Romanovsky, N. Oberman, D. Drozdov, G.
Malkova, A. Kholodov, S. Marchenko

Observations show a general increase in perma-

frost temperatures during the last several decades in
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FiG. 5.17. Changes in permafrost temperature at dif-
ferent depths at the Barrow, Alaska, Permafrost Ob-
servatory in 2002-09.
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Alaska (Romanovsky et al. 2002; Romanovsky et al.
2007; Osterkamp 2008), northwest Canada (Couture
et al. 2003; Smith et al. 2005), Siberia (Oberman and
Mazhitova 2001; Oberman 2008; Drozdov et al. 2008;
Romanovsky et al. 2008), and Northern Europe (Isak-
sen et al. 2000; Harris and Haeberli 2003).

Most of the permafrost observatories in Alaska
show a substantial warming during the 1980s and
1990s. The detailed characteristic of the warming
varies between locations but is typically from 0.5°C
to 2°C at the depth of zero seasonal temperature
variations in permafrost (Osterkamp 2008). However,
during the last nine years, the permafrost tempera-
ture has been relatively stable on the North Slope of
Alaska. There was even a slight decrease in the Alas-
kan Interior during the last three years. Only coastal
sites in Alaska still show continuous warming, espe-
cially during the last three to four years (Fig. 5.17).

Permafrost temperature has increased by 1°C
to 2°C in northern Russia during the last 30 to 35
years. A common feature for Alaskan and Russian
sites is more significant warming in relatively cold
permafrost than in warm permafrost in the same
geographical area. An especially noticeable perma-
frost temperature increase in the Russian Arctic was
observed during the last three years—the mean an-
nual permafrost temperature at 15m depth increased
by more than 0.35°C in the Tiksi area and by 0.3°C at
10m depth in the European North of Russia.

The last 30 years of increasing permafrost tem-
peratures have resulted in the thawing of permafrost
in areas of discontinuous permafrost in Russia (Ober-
man 2008). This is evidenced by changes in the depth
and number of taliks (a layer of year-round unfrozen
ground that lies in permafrost), especially in sandy
and sandy loam sediments compared to clay. A mas-
sive development of new closed taliks in some areas
of the continuous permafrost zone, as a result of
increased snow cover and warming permafrost, was
responsible for the observed northward movement of
the boundary between continuous and discontinuous
permafrost by several tens of kilometers (Oberman
and Shesler 2009).

3) RIVER DISCHARGE—A. Shiklomanov

Annual river discharge to the Arctic Ocean from
the major Eurasian rivers in 2008 was 2078 km? (Fig.
5.18). In general, river discharge shows an increasing
trend over 1936-2008 with an average rate of annual
change of 2.9 + 0.4 km?® yr!'. An especially intensive
increase in river discharge to the ocean was observed
during the last 20 years when the sea ice extent in the



in cooperation with Russian partners,
we developed a method to estimate river
discharge from the most important Rus-
sian monitoring sites in near-real time
using provisional stage measurements
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Fic. 5.18. Total annual river discharge to the Arctic Ocean from
the six largest rivers in the Eurasian Arctic for the observational
period 1936-2008 (updated from Peterson et al. 2002) (red line)
and from the four large North American pan-Arctic rivers over
1970-2008 (blue line). The least squares linear trend lines are
shown as dashed lines. Provisional estimates of annual discharge
for the six major Eurasian Arctic rivers, based on near-real-time
data from http://RIMS.unh.edu, are shown as red diamonds. Upper
green line shows the September (minimum) sea ice extent in the
Arctic Ocean over 1979-2009 from NSIDC (http://nsidc.org/data).

4) TerresTRIAL SNOow—oC. Derksen,

R. Brown, and L. Wang

The 2008/09 Arctic snow cover season
marked a continuation of the shorter snow
seasons (due primarily to an early disap-
pearance of snow cover in spring) observed
during the last two decades following a

Arctic Ocean began decreasing. Interestingly, the
correlation between Eurasian river discharge and sea
ice extent over 1979-2008 is r = -0.72, or greater than
the correlation between precipitation (Willmott et al.
1996) and runoffin these Eurasian drainage basins (r
=0.54). This suggests that both rivers and sea ice were
responding to changes in large-scale hemispheric
climate patterns (Shiklomanov and Lammers 2009).
There is also an increasing tendency in river discharge
to the Arctic Ocean from North America (Fig. 5.18)
(Shiklomanov and Shiklomanov 2003; Rawlins et al.
2010). The mean annual discharge to the ocean over
2000-08 from the four large North American Arctic
rivers was 6% (31 km?) greater than the long-term
mean from 1970-99.

Official river discharge data are usually processed
and published with some delay. This gap is related
to discharge calculation techniques that take into
account diverse flow conditions and ambiguous
relationships between measured water stage (water
level) and estimated river discharge. Cold regions
with long periods of ice cover present the most dif-
ficult conditions for reliable discharge estimates in
near-real time (Shiklomanov et al. 2006). However,
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rapid reduction in snow cover duration
(SCD) that occurred in the 1980s.

Characterizing Arctic snow cover with conven-
tional observations is a challenge because the station
network is sparse, biased to coastal locations (par-
ticularly in North America), and the measurements
themselves are uncertain. For instance, point snow
depth measurements are subject to local scale wind
drifting or scour and may not represent the prevail-
ing regional conditions. Even when they do, the
large distances between stations does not allow for
meaningful spatial interpolation (i.e., kriging), and
coastal stations do not represent vast inland areas.
Because of these limitations, both satellite measure-
ments and modeling approaches are necessary to
characterize the various parameters related to Arctic
snow cover, including snow cover extent (SCE), snow
water equivalent (SWE), SCD, and snowmelt timing/
duration.

For the 2008/09 snow season, analysis of the
NOAA snow extent data record derived primarily
from optical satellite imagery (http://climate.rutgers.
edu/snowcover/) showed a shorter-than-normal
snow cover season across a large portion of east-
ern Siberia, with strong negative anomalies in the
North American sector confined to the Canadian
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Fic. 5.19. (a) Snow cover duration (SCD) departures (with respect to 1988-2007) for the
2008/09 snow year and (b) Arctic seasonal SCD anomaly time series (with respect to
1988-2007) from the NOAA record for the first (fall) and second (spring) halves of the
snow season. Solid lines denote 5-yr moving average; negative number means shorter snow
season than normal. (c) Maximum seasonal snow depth anomaly for 2008/09 (with respect
to 1998/99-2007/08) from the Canadian Meteorological Centre snow depth analysis. (d)
Terrestrial snowmelt onset anomalies for 2009 (with respect to 2000-09) from QuikSCAT
data derived using the algorithm of Wang et al. (2008).

Arctic Islands (Fig. 5.19a). The period 1988-2007
was selected as the historical reference period for
these anomaly calculations to place the anomalies
in the context of more recent snow cover condi-
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tions following a rapid reduction in hemispheric snow
cover during the 1980s. When standardized SCD
anomalies were calculated for NOA A grid cells north
of 60°N and averaged for North America and Eurasia,



negative SCD anomalies were evident across Eurasia
in the fall and the entire Arctic in spring (Fig. 5.19b).
The shorter-than-average snow season in 2008/09
occurred in spite of slightly deeper-than-average
snow depth (relative to the 1998-2009 average) in
many parts of the Arctic (Fig. 5.19¢), as identified by
the daily global snow depth analysis (produced by
combining the available ground observations with a
snow model) from the Canadian Meteorological Cen-
tre (CMC, Brasnett 1999). Snowmelt onset anomalies
determined from the QuikSCAT record (2000-09)
derived with the algorithm of Wang et al. (2008) show
that the initial timing of snowmelt in 2009 was near
normal, or slightly later than normal across large
regions of western Siberia, northern Europe, and
the Canadian tundra (Fig. 5.19d). Collectively, these
datasets suggest that although the snowpack was not
anomalously shallow, and melt was initiated near the
average time, the melt was of sufficient intensity to
rapidly remove the snowpack across large regions of
the Arctic. These observations are consistent with an
intensification of snow-related high-latitude hydro-
logical processes as discussed in Dery et al. (2009).

5) GLAciErs ouTsIDE GREENLAND—M. Sharp and G.
Wolken (with data contributions from D. Burgess, J. G. Cogley,
A. Arendt, and S. Luthcke)

Mountain glaciers and ice caps are a major con-
tributor to global sea level change (Meier et al. 2007).
In the Arctic ice masses of these types cover an area
of over 400 000 km?, representing 55% of the global
glaciers and ice caps (excluding the ice sheets that
cover Greenland and Antarctica). Although many
of these glaciers lose mass by iceberg calving as well
as by surface melt and runoff (Blaszczyk et al. 2009),
the surface net mass balance (the difference between
annual snow accumulation and annual runoff) is
widely used as a measure

two in Svalbard). In addition, satellite gravimetry
measurements reveal a regional annual net balance
of -9 £ 20 Gt yr! for Gulf of Alaska glaciers. Here,
two glaciers located close to the coast had positive
annual balances, reflecting heavy winter snowfall in
winter 2007/08, while Gulkana Glacier in the Alaska
Range had a slightly negative annual balance. In
Arctic Canada, annual net balances were among the
three most negative balances recorded in the 43-48
year record, likely due to the very warm summer in
2008, extending the period of very negative balances
that began in 1987. The annual balances recorded
in Iceland were slightly more negative than average
(16-17 years of record), while those in Svalbard were
more positive than average (20-42 years of record).

Summer (JJA 2009) air temperature data (700
hPa level) and winter (September 2008-May 2009)
precipitation data from the NCEP/NCAR Reanalysis
provide indications of climatic conditions over the
major glaciated regions of the Arctic in the 2008/09
mass balance year (Fig. 5.20; Table 5.1). Winter pre-
cipitation anomalies were positive (relative to the
1948-2008 mean) in Iceland and over the Alaska
panhandle and adjacent areas to the north, and
negative in southwest Alaska and southwest Svalbard.
Summer temperature anomalies were strongly posi-
tive over southern Alaska, the Canadian Arctic and
Svalbard, and very negative over Novaya Zemlya and
Severnaya Zemlya.

Melt season duration, and the dates of melt on-
set and freeze-up, on Arctic glaciers and ice caps
were determined from 2009 backscatter time-series

measured by the SeaWinds scatterometer on Qui-
kScat (Fig. 5.21; Table 5.1). In Arctic Canada, melt
duration anomalies (relative to the 2000-04 average)
were positive on all ice caps in the Queen Elizabeth
Islands, with the largest anomalies occurring on the

of glacier response to cli-
mate variability and change.
As measurements for the
2008/09 balance year are not
yet available, we summarize
measurements for 2007/08.
These are available for 20
glaciers in Alaska (three),
Arctic Canada (four), Ice-
land (nine) and Svalbard
(four). Sixteen of the glaciers

had a negative annual bal-

Fic. 5.20. Anomalies in (a) summer (JJA) 2009 air temperature (°C) at 700 hPa,
and (b) winter (September 2008-May 2009) precipitation (mm) in the NCEP/
NCAR Reanalysis relative to a 1948-2008 climatology.

ance and four had a positive
balance (two in Alaska and
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Region Sub- Latitude Longitude JJA
Region (N) (E)
700hPaT
Anomaly
(°C)
. N.
Aretic  boemere  80.6-83.1 2677 -294. 2.05
Canda Island
Axel
Heiberg 78.4-80.6  265.5-271.5 1.60
Island
i 79.2-8l.1 278.9 - 290.4 1.66
Ice Cap
Prince
of Wales ~ 77.3-79.1 278 - 284.9 I.16
Icefield
Sydkap 76.5 - 77.1 270.7 - 275.8 1.20
hEoE 76.2-772  278.7-282.1 .15
Icefield
Devonlee 745 758  273.4-280.3 0.90
Cap
North
Batri 68 -74 278 - 295 1.02
South
e 65 - 68 290 - 300 1.06
Eurasian | Severnaya | RESEIEUNSIINE NEEEENRNIEE -0.91
Arctic Zemlya
Novaya  cg75_ 7875  48.75-71.25 -0.94
Zemlya
ek o 80 - 83 4565 0.10
sef Land .
Svalbard  76.25-81.25  8.75-31.25 0.46
Iceland 63 - 66 338 - 346 -0.09
Alaska S 60 - 65 210 - 220 391.77
Alaska
SE Alaska 55 - 60 220 - 230 1.92

TaABLE 5.1. Summer (June—August) 2009 700 hPa air temperature and winter (September
2008-May 2009) precipitation anomalies (relative to 1948-2008 climatology from the
NCEP/NCAR Reanalysis) for major glaciated regions of the Arctic (excluding Greenland).
For ranks, | = year with highest summer temperature and winter precipitation. Anomalies
in melt onset and freeze-up dates and summer melt duration (days) (relative to 2000-04
climatology) are derived from QuikScat V2 enhanced resolution scatterometer data. For
melt season timing, negative anomalies indicate an earlier than normal date.

2008 Sep-May 2008 Melt Freeze- Melt
Rank Ppt Rank Onset up Duration
Anomaly Anomaly Anomaly  Anomaly

(/62) (mm) (1)) days days days

3 14.0 10 12.5 9.5 7.0

7 2/ 4 6.2 5.7 9.0

8 5.5 19 19.2 14.6 5.4

I 10.6 13 73 5.7 3.8

1 -39.2 49 4.5 3.8 2.0

1 -51.7 51 -1.2 0.5 2.9

16 -8 32 1.4 -2.0 4.7

1 -0.9 25 1.1 -28.5 -9.9

9 20.4 18 3.9 -12.6 -4.9

52 45.6 9 -2.3 29.3 -1.0

50 34.1 15 19.65 -1